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SUMMARY Strains of bacteria resistant to antibiotics, particularly those that are
multiresistant, are an increasing major health care problem around the world. It is
now abundantly clear that both Gram-negative and Gram-positive bacteria are able
to meet the evolutionary challenge of combating antimicrobial chemotherapy, often
by acquiring preexisting resistance determinants from the bacterial gene pool. This
is achieved through the concerted activities of mobile genetic elements able to
move within or between DNA molecules, which include insertion sequences, trans-
posons, and gene cassettes/integrons, and those that are able to transfer between
bacterial cells, such as plasmids and integrative conjugative elements. Together
these elements play a central role in facilitating horizontal genetic exchange and
therefore promote the acquisition and spread of resistance genes. This review aims
to outline the characteristics of the major types of mobile genetic elements involved
in acquisition and spread of antibiotic resistance in both Gram-negative and Gram-
positive bacteria, focusing on the so-called ESKAPEE group of organisms (Enterococ-
cus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, Enterobacter spp., and Escherichia coli), which have become
the most problematic hospital pathogens.

KEYWORDS antibiotic resistance, insertion sequence, transposon, gene cassette,
integron, plasmid, integrative conjugative element, resistance island

INTRODUCTION

ntibiotic-resistant bacteria are a major cause of health care-associated infections

around the world, and resistance has also emerged in infections in the wider
community. Infections caused by multiresistant organisms significantly increase mor-
bidity, mortality, and health care costs. Molecular analyses have revealed that wide-
spread multiresistance has commonly been achieved by the acquisition of preexisting
determinants followed by amplification in response to selection. The capture, accumu-
lation, and dissemination of resistance genes are largely due to the actions of mobile
genetic elements (MGE), a term used to refer to elements that promote intracellular
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FIG 1 Examples of mobile genetic elements (MGE) and processes involved in intracellular mobility or intercellular transfer of antibiotic
resistance genes. Two cells of different strains or species are represented, with one acting as donor (envelope and chromosome shown
in blue; contains two plasmids) and the other as recipient (shown in red). Various MGE are shown, with the functions of the genes they
carry color coded as shown in the key. Different resistance genes associated with different MGE are represented by small arrows of various
colors. Thin black arrows indicate intracellular processes, with those mediated by a transposase protein labeled Tnp and those mediated
by a site-specific recombinase protein labeled Ssr. Thick green arrows represent intercellular (horizontal) transfer. Successive insertions of
the same IS on both sides of a resistance gene may allow it to be captured and moved to another DNA molecule (e.g., from the
chromosome to a plasmid) as part of a composite Tn (A). A unit Tn carrying a resistance gene may transpose between plasmids (B) or from
a plasmid to the chromosome or vice versa. A gene cassette may move between In (a class 1 In/Tn structure is represented here) via a
circular intermediate (C). An ICE can be integrated into the chromosome or excised as a circular element that can then conjugate into a
recipient cell and integrate (reversibly) into the chromosome at a specific recombination site (D). A plasmid may be able to mediate its
own intercellular transfer by conjugation or, if it lacks a conjugation region, be mobilized by another plasmid (or, alternatively, move
horizontally by phage transduction or transformation). Tn and/or In and associated resistance genes on an incoming plasmid may move
into the chromosome or other plasmid(s) in the recipient cell (E), as illustrated here for class 1 In/Tn, which are known to target unit Tn.
See relevant sections of the text for further details.

DNA mobility (e.g., from the chromosome to a plasmid or between plasmids) as well as
those that enable intercellular DNA mobility.

Insertion sequences (IS) and transposons (Tn) are discrete DNA segments that are
able to move themselves (and associated resistance genes) almost randomly to new
locations in the same or different DNA molecules within a single cell. Other elements,
such as integrons (In), use site-specific recombination to move resistance genes be-
tween defined sites. As these types of MGE are often present in multiple copies in
different locations in a genome, they can also facilitate homologous recombination
(exchange of sequences between identical or related segments). Intercellular mecha-
nisms of genetic exchange include conjugation/mobilization (mediated by plasmids
and integrative conjugative elements [ICE]), transduction (mediated by bacterio-
phages), and transformation (uptake of extracellular DNA). Interactions between the
various types of MGE underpin the rapid evolution of diverse multiresistant pathogens
in the face of antimicrobial chemotherapy. Examples of these elements and processes
are illustrated in Fig. 1.

It is not possible to cover all MGE involved in resistance in all bacterial species in a
single review, so we have elected to focus primarily on the most important and/or
topical elements in Gram-negative and Gram-positive bacterial species of particular
concern clinically, namely, Enterococcus faecium, Staphylococcus aureus, Klebsiella pneu-
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moniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp. (the
so-called ESKAPE group [1]) as well as Escherichia coli (giving the ESKAPEE group) (2);
nonetheless, many of the MGE types described are of course broadly relevant to many
other bacterial taxa. We aim to highlight the diversity and major characteristics of MGE
associated with resistance in these organisms while citing other reviews that provide
more detailed analyses of particular elements or biological processes.

IS AND COMPOSITE TRANSPOSONS

IS are generally small mobile elements that typically carry little more than one
(sometimes two) transposase (tnp) gene, and their characteristics have been reviewed
several times (see references 3 and 4 and references therein). They can be divided into
groups based partly on active site motifs in Tnp, designated by key amino acids that
come together in the active site, most commonly DDE (Asp, Asp, and Glu) but also
DEDD and HUH (two His residues separated by a large hydrophobic amino acid) (5),
and/or based on whether transposition is a conservative, cut-and-paste mechanism,
where the IS is simply excised from the donor and inserted into the recipient, or
replicative (6). Replicative transposition can occur by a copy-and-paste mechanism (the
IS is replicated to join the donor and recipient in a cointegrate, which is then resolved
to give the original donor plus the recipient with the IS [6]) or a copy-out-paste-in
mechanism (the IS is replicated into a double-stranded circular intermediate that then
integrates into the recipient [7]).

The ends of the most common (DDE) type of IS are generally defined by terminal
inverted repeats (IR) that are designated left (IR)) and right (IRg) with respect to the
direction of transcription of the tnp gene (Fig. 2A). Transposition involves binding of the
IR by the Tnp protein, and as a result of repair of staggered cuts in different DNA
strands during the transposition process, many IS create short flanking direct repeats
(DR; typically ~3 to 14 bp, but the length is characteristic for each IS) on insertion.
These are also referred to as target site duplications (TSD), but many IS do not appear
to target specific sequence motifs. Other types of IS may not have IR or create TSD.
Because frequent transposition may be deleterious, expression of active transposase
may be controlled by, for example, the need for a programmed frameshift to create a
complete Tnp protein (8). The frameshift typically occurs within a “slippery codon”
region, e.g., AAAAAAA in ISAbal (9). While the mobility of some IS has been shown
experimentally, such as by the detection of circular intermediates via inverse PCR, many
have been defined only from the transposases that they encode, their IR, and/or their
TSD. ISfinder (https://www-is.biotoul fr/) provides a comprehensive database of IS and
includes BLAST search tools (10). IS were originally assigned numbers, but ISfinder now
assigns names that include a code for the species in which the IS was first identified
(but this does not necessarily indicate that the IS originated in that species) and a
number (e.g., ISAbal for Acinetobacter baumannii).

Traditionally IS were not thought of as carrying “passenger” genes, but they can
move resistance genes as part of a composite (also called compound) transposon, a
region bounded by two copies of the same or related IS that can move as a single unit
(Fig. 2B). Some of these have been given transposon numbers and are included in a
transposon registry (11; http://transposon.Istmed.ac.uk/). More examples of a single IS
mobilizing an adjacent region that includes one or more resistance genes are also
being identified, particularly in Gram-negative bacteria. Many IS include a strong
promoter that drives expression of the captured gene (12), and insertion upstream of
an intrinsic chromosomal gene can also influence antibiotic resistance (e.g., ISAbaT with
blagya.sq-like genes in A. baumannii giving carbapenem resistance [13]). Alternatively,
an IS may provide a —35 region only, which can combine with an adjacent —10-like
sequence to create a hybrid promoter. These and other ways in which IS may influence
antibiotic resistance phenotypes have been covered in a recent review (14). Here we
concentrate on IS and composite transposons involved in movement of antibiotic
resistance genes, listing examples from Gram-negative (Table 1) and Gram-positive
(Table 2) bacteria and discussing some of the most important IS types in the following
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FIG 2 Insertion sequences and composite transposons. (A) Components of a typical IS. (B) Composite transposon. IS are shown as
block arrows, with the pointed end corresponding to IRg, and a captured resistance gene is shown as a black arrow. The two IS can
also be oriented inversely. (C) Outcomes of transposition by 1S26. (i) Intermolecular replicative transposition can insert a “translocatable
unit” (TU; one copy of 1S26 and an adjacent region) into a recipient that lacks 1526, while intermolecular conservative transposition
targets an existing copy of 1526 (~50X higher frequency). Both reactions create the same type of cointegrate, in which a “composite
transposon”-like structure is flanked by 8-bp TSD (black lollipops) created during replicative transposition or preserved (if previously
present) during conservative transposition. The cointegrate can be resolved by homologous recombination (HR), but not normally by
the 1S26 transposase. Intermolecular conservative transposition into a region that already contains two copies of 1526 flanking a
resistance gene can give an array of TU. (ii) Intramolecular replicative transposition in direct orientation is another way of creating a
TU, and in doing so deletes the region between the original IS26 element and the targeted position (white lollipop). Intramolecular
replicative transposition in the inverse orientation inverts the region between the original 1526 element and the position targeted, so
that TSD on the same strand are now reverse complements of one another (thick and thin lollipops). Diagrams are based on previously

(Continued on next page)
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TABLE 1 Examples of IS and composite transposons associated with resistance genes in

Gram-negative bacteria

1Se Tn® Determinant Resistance(s)<
IS7 Tn9 catA1 Chloramphenicol
I1S70 Tn10 tet(B) Tetracycline
15264 Tn4352 aphA1 Kanamycin
Tn6020 aphA1 Kanamycin
tet(C) Tetracycline
tet(D) Tetracycline
catA2 Chloramphenicol
Tn2003 blag,y B-Lactams
cfr Phenicols/lincosamides/oxazolidinones/
pleuromutilins/streptogramin A
1S256¢ cfr Phenicols/lincosamides/oxazolidinones/
pleuromutilins/streptogramin A
1S50 Tn5 aph(3')-lla-ble-aph(6)-Ic Kanamycin, bleomycin, streptomycin
1S903 Tn903 aphA1 Kanamycin
1S7999 Tn1999 blagya-sg-like Carbapenems
ISApl1 Tn6330 mcr-1 Colistin
ISEc69 mcr-2 Colistin
ISAs2 blagox.s BLBLI
ISAba14 TnaphA6 aphA6 Kanamycin
ISAbal Tn2006 blagya o3 Carbapenems
blaoya->37 Carbapenems
ISAba125 Tn125 blayom Carbapenems

aSee ISfinder (https://www-is.biotoul.fr/) for details of IS.

bSee the Tn registry (http://transposon.Istmed.ac.uk/) for further details, except for TnaphA6 (334).

¢SHV enzymes can be broad-spectrum or extended-spectrum B-lactamases; BLBLI, B-lactam-pB-lactamase
inhibitor combinations.

dRegions flanked by two copies of 1526 and originally defined as composite transposons are listed, but
recent findings suggest mobilization by a single copy of 1S26 (see the text).

€|S256 is normally associated with Gram-positive bacteria (see Table 2); cfr is found in the same 1S256-flanked
transposon in Staphylococcus lentus (INSDC accession number KF029594).

sections. For elements not discussed below, readers are referred to other reviews (4,
15-21).

1S26 and Related Elements

IS6 family elements 1S26 (also known as IS6, IS154, 1S46, 1S140, 1S160, 1S176, and
IS7936) (22), 1S257 (also known as 1S4317), and IS7276 have played a pivotal role in the
dissemination of resistance determinants in Gram-negative (IS26) (Table 1) and Gram-
positive (IS257 and 1S7216) (Table 2) bacteria. These IS encode a single transposase,
and the terminal IR of 1S26 and 1S257 both contain a —35 consensus (TTGCAA) that
can create a hybrid promoter if fortuitously positioned (with an ~17-bp spacer)
near a —10 sequence upstream of the gene (14). Movement of these IS was
originally demonstrated to occur by replicative transposition (15, 23, 24). This
results in a cointegrate of the donor and recipient molecules with a directly
repeated copy of the IS at each junction, creating a “composite transposon”-like
structure flanked by characteristic 8-bp TSD (Fig. 2C, panel i). This may explain how
small staphylococcal plasmids flanked by two directly oriented copies of 1S257 have

FIG 2 Legend (Continued)

Clinical Microbiology Reviews

reported information (22, 25-28). (D) Transposition units (TPU) mediated by 1S7380 family elements. A, 131 bp of IR; end of ISEncal.
Paired lollipops indicate different TSD sequences. Diagrams were drawn based on sequences from the following INSDC accession
numbers: 1571247, AJ971344; ISKpn23, KP689347; ISEncal, AY939911 (end of TPU found by alignment with Staphylococcus plasmids, e.g.,
pSTE1 [accession number HE662694]); and ISEcp1, FJ621588. (E) Different structures containing ISAp/T and mcr-1. Deletion of one or
both copies of ISApl1 leaves “scars” (asterisks) (41, 45). Diagrams (from top to bottom) were drawn based on sequences from INSDC
accession numbers CP016184, KY689635, KP347127, and KX084392. (F) 1S1294 has captured part (delimited by dashed lines) of the
ISEcp1-blacyy., TPU plus 159 bp of the adjacent plasmid backbone (see the bottom diagram of panel D), ending with 4 bp matching
its ter end (white circle), and targets a related 4-bp sequence (gray circle). The diagram was drawn based on sequences from INSDC
accession number HG970648 (55). (G) By analogy with 157294, ISCR1 captures regions adjacent to its ter end, but these are found
adjacent to the ori end after insertion (by homologous recombination) (21, 59) between partial duplications of the 3'-CS of class 1
integrons (see Fig. 4B). The diagram was drawn based on the sequence from INSDC accession number AJ311891. The phenotypes
conferred by resistance genes shown in the diagrams are given in Table 1 (panel E), Table 3 (panels D and F), and Table 4 (panel G).
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TABLE 2 IS and composite transposons associated with resistance genes in staphylococci
and enterococci

1S@ Tn Determinant  Associated resistance(s) Host®
IS16 Tn1547  vanB1 Vancomycin E
1S256 cfr Phenicols/lincosamides/oxazolidinones/ S
pleuromutilins/streptogramin A
Tn1547  vanB1 Vancomycin E
Tn4001  aacA-aphD Gentamicin/kanamycin/tobramycin S
Tn5281  aacA-aphD Gentamicin/kanamycin/tobramycin E
Tn5384  aacA-aphD Gentamicin/kanamycin/tobramycin E
Tn5384  erm(B) MLS antibiotics E
1S257¢ aadD Kanamycin/neomycin/paromomycin/tobramycin S
aphA-3 Kanamycin/neomycin S
bcrAB Bacitracin S
ble Bleomycin S
dfrK Trimethoprim S
erm(C) MLS antibiotics S
fosB5 Fosfomycin S
fusB Fusidic acid S
ileS2 (mupA) Mupirocin S
gacC Antiseptics/disinfectants S
sat4 Streptothricin S
tet(K) Tetracycline S
tet(L) Tetracycline S
vat(A) Streptogramin A S
vga(A) Streptogramin A/pleuromutilins/lincosamides S
vgb(A) Streptogramin B S
Tn924 aacA-aphD Gentamicin/kanamycin/tobramycin E
Tn4003  dfrA Trimethoprim S
Tn6072  aacA-aphD Gentamicin/kanamycin/tobramycin S
Tn6072  spc Spectinomycin S
I1S7182 Tn5405  aadE Streptomycin S E
Tn5405  aphA-3 Kanamycin/neomycin S E
Tn5405  sat4 Streptothricin S E
IS1216 cfr Phenicols/lincosamides/oxazolidinones/ E
pleuromutilins/streptogramin A
str Streptomycin E
Tn5385  aacA-aphD Gentamicin/kanamycin/tobramycin E
Tn5385  aadE Streptomycin E
Tn5385  blaZz Penicillins E
Tn5385  erm(B) MLS antibiotics E
Tn5385  tet(M) Tetracycline/minocycline E
Tn5482  vanA Vancomycin E
Tn5506  vanA Vancomycin E
1S1272 TnShal  fabl Triclosan S
TnSha2  fabl Triclosan S
1S21-558 cfr Phenicols/lincosamides/oxazolidinones/ S
pleuromutilins/streptogramin A
Isa(B) Lincosamides S
ISEnfa4 cfr Phenicols/lincosamides/oxazolidinones/ S, E

pleuromutilins/streptogramin A

ISSau10 aadD Kanamycin/neomycin/paromomycin/tobramycin S
dfrK Trimethoprim S
erm(C) MLS antibiotics
erm(T) MLS antibiotics S
tet(L) Tetracycline S

9Information is available from references cited in the text as well as from other references (16, 412, 494-507).
bS, Staphylococcus; E, Enterococcus.
€1S257 is also known as 1S431.
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become incorporated into large plasmids or the chromosome (e.g., pUB110 within
pSK41 or staphylococcal cassette chromosome mec [SCCmec] [see below]). RecA-
dependent homologous recombination between the two IS copies can resolve such
cointegrates, releasing the original donor and a modified recipient containing the
IS flanked by TSD (25, 26).

Recently, a second mode of movement was described to explain the arrays of
resistance genes separated by single copies of 1S26 commonly seen in resistance
plasmids and regions (22). The unit of mobility consists of one copy of 1S26 and an
adjacent region (which can be up to the next I1S26 junction) and was termed a
“translocatable unit” (TU) (22, 27). A TU preferentially inserts next to an existing copy of
IS26 in a recipient molecule via a conservative process (no replication of 1S26 and no
creation of TSD, but any TSD already flanking the target IS26 are preserved), generating
the same cointegrate structure as that created by replicative transposition (Fig. 2C,
panel i). Importantly, this process, which is dependent on the 1S26 transposase (Tnp26)
and is recA independent, has been demonstrated to occur at a frequency ~50 times
higher than that of untargeted replicative transposition (22, 28). This means that once
a chromosome or plasmid possesses a copy of 1S26, it is predisposed to acquire further
adjacent 1526 TU.

It appears that circular TU are not normally generated by a Tnp26-dependent
mechanism but may occur following homologous recombination between 1S26 copies
(27) (Fig. 2C, panel i). Alternatively, intramolecular replicative transposition (Fig. 2C,
panel ii) in direct orientation would release a TU-like structure (though the end would
not be defined by a boundary with 1S26 [Fig. 2C, panel ii] [25]). In doing so, the
sequence between 1S26 and the position targeted would be deleted; deletions flanking
IS26-like elements have been described frequently. This is a way of streamlining
resistance gene clusters by removing redundant or metabolically costly genes (25)
and/or allowing expression of remaining genes to be modulated through creation of
new hybrid promoters (29, 30). Intramolecular replicative transposition in inverse
orientation reverses the segment between the original 1S26 and the targeted site.
Evidence for this comes from 8-bp sequences that are reverse complements of one
another flanking the opposite ends of two 1S26 copies (25) (Fig. 2C, panel ii). Further
studies are beginning to unravel the details of the 1S26 transposition process (31), which
seem likely to also apply to other I1S6 family members.

ISEcp1 and Related Elements

ISEcp1 (1S7380 family; encodes a DDE-type transposase), first identified in E. coli, has
IR of about 14 bp and creates 5-bp TSD on transposition. ISEcpT appears to be able to
use IR, in combination with a sequence beyond its IR end to move an adjacent region,
creating 5-bp (or occasionally 6-bp) TSD flanking the whole “transposition unit” (32)
(previously abbreviated TU [21], but TPU is used here to avoid confusion with the 1S26
TU) (Fig. 2D). Insertion of ISEcpT upstream of a chromosomal blacry_m_> gene in Kluyvera
and subsequent movement to a plasmid have been demonstrated (33), but the exact
mechanism and any important characteristics of the sequences that can be used as
alternatives to IRg have not been determined. ISEcpT provides at least one promoter for
captured genes (34) (and possibly a second [35]), and separation from this promoter
results in reduced expression of blacry. genes (36). ISEcpT can also pick up regions of
different lengths in different transposition events and thus can simultaneously move
adjacent pieces of DNA with different origins (21). ISEcp1 appears to have been
responsible for capturing many different resistance genes in this way (Table 3) in
numerous cases from known source organisms (21).

Other IS7380 family elements, including ISKpn23 (37) and 1S71247 (21), appear to have
captured resistance genes (Table 3; Fig. 2D) in a fashion similar to that of ISEcp1. ISEncal
(91% identical to ISEcpT) has been detected in the Gram-positive bacterium Enterococ-
cus casseliflavus, associated with the aph(2”)-le gene (gentamicin resistance) (38).
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TABLE 3 Examples of resistance genes associated with ISEcpT and related elements

1Se Determinant(s) Resistance(s)®
ISEcp1¢ blacry.m-1 group 3GC
blacry.m-» group 3GC
blacry-m-o group 3GC
blacrym-»s group 3GC
blancc 3GC, BLBLI
blacyy-o-like genes 3GC, BLBLI
blagya.1g:-like genes Carbapenems
blagya-204 Carbapenems
Some gnrB genes Fluoroquinolones (low level)
qnrE1 Fluoroquinolones (low level)
rmtC Aminoglycosides (high level)
1S1247 aac(3)-lif-arr (Aminoglycosides, rifampin)
ISKpn23 blagyc Carbapenems
aac(3)-1lb GEN, TOB
ISEncal aph(2")-le GEN, TOB, KAN

9nformation is available from references cited in the text as well as from other references (21, 253, 435, 508,
509) or references cited therein.

03GC, third-generation cephalosporins; BLBLI, B-lactam-B-lactamase inhibitor combinations; GEN, gentamicin;
TOB, tobramycin; KAN, kanamycin.

cSome ISEcp1 transposition units have been assigned Tn numbers. Search the Tn registry (http://transposon
JIstmed.ac.uk/) with “ISEcp1” for details.

9Predicted from homology to known genes.

ISApl1 and mcr-1

The 1S30 family element ISAp/T (encodes a DDE-type transposase), first discovered in
the pig pathogen Actinobacillus pleuropneumoniae (39), is involved in capture and
mobilization of the recently identified mcr-1 (mobile colistin resistance) gene (40).
ISApl1 is bounded by 27-bp IR and carries a single transposase gene. Like other 1S30
family members, ISAplT appears to use a “copy-out-paste-in” mechanism, via an inter-
mediate containing 2 bp derived from the flanking sequence of the donor molecule
between the abutted IR, and IR; ends, inserting in AT-rich sequences and generating
2-bp TSD (41). ISApl1 appears to be highly active (42).

mcr-1is found as part of a segment apparently derived from Moraxella spp. (43) that also
contains a gene usually annotated as a gene encoding PAP2 (a putative PAP family
transmembrane protein). In the first plasmid characterized, a single copy of ISApl1 is present
upstream of this segment (40). Other plasmids with either two complete ISAp/T elements or
a complete ISApl1 element and a fragment of the IR, end flanking the mcr-1 segment, or
completely lacking 1SApl1, were then found (Fig. 2E). Examples of uninterrupted flanking
sequences allowed confirmation that the ISAp/1T-mcr-1-pap2-1SApl1 arrangement is flanked
by 2-bp TSD, suggesting movement of a composite transposon-type structure (41), and this
was recently demonstrated (44). Identification of sequence changes and/or small deletions
concentrated near the ends of the inserted mcr-1-pap2 segment led to the hypothesis that
mcr-1 was first mobilized as part of an ISAp/7-mediated composite transposon, with
subsequent loss of one or both copies of ISApl7 by illegitimate recombination (41, 45). This
may prevent subsequent movement and thus stabilize the mcr-1 gene in the plasmid,
similar to loss of 1S30 itself from a composite transposon (46). Inactivation of mcr-1 by
insertion of 1S70 (cut-and-paste mechanism) has been seen (47) and may be reversible, as
precise excision of the I1S70-flanked composite transposon Tn10 has been reported (48).
Similarly, mcr-1 may be inactivated reversibly by insertion of 1IS7294b (49). This may be a way
of dealing with fitness costs associated with modification of lipid A in the outer membrane
by the MCR-1 phosphoethanolamine transferase in the absence of colistin (50, 51).

1S91-Like and ISCR Elements

Three related IS, 1S91, 1S801, and 1571294, lack conventional IR and move by rolling
circle replication, which is catalyzed by the Y2 (two tyrosines in the active site)
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TABLE 4 Examples of resistance genes associated with ISCR elements

1Se Determinant(s) Resistance(s)®
ISCRT dfrA10 Trimethoprim
catA2 Chloramphenicol
armA Aminoglycosides (high level)
blapya 3GC, BLBLI
blacyymox-like genes 3GC, BLBLI
Some gnrB genes Fluoroquinolones (low level)
ISCR2 sul2 Sulfonamides
tet(31) Tetracycline

ISCR3 family elements

ISCR3 floR Florfenicol
ISCR4 blaspy Carbapenems
ISCRS blaoya.as 3GC

ISCR6 ant(4")-1lb TOB, AMK
ISCR14 rmtB, rmtD GEN, TOB, AMK
ISCR15 bla Carbapenems
ISCR27 blayom Carbapenems

alnformation is available from references cited in the text as well as from other references (58, 59, 62, 435).
b3GC, third-generation cephalosporins; BLBLI, B-lactam-B-lactamase inhibitor combinations; TOB, tobramycin;
AMK, amikacin; GEN, gentamicin; KAN, kanamycin.

HUH-type enzyme that they encode (52). Replication proceeds from ori to ter (opposite
to the direction of transcription of the internal gene), and these elements target a 4-bp
sequence similar to the last 4 bp of the ter end (GAAC) and do not create TSD (53). In
a proportion of transposition events (~1 to 10% for 1S7294 [54]), replication continues
beyond ter into the adjacent sequence, which can then be transferred with the IS to
new locations. 1S97 and 1S807 do not seem to have been involved in movement of
known resistance genes, but IS7294 (Fig. 2F) and the variant IS7294b have transferred
blacyy.»-like genes originally associated with ISEcpT between different plasmid types
(55, 56).

An element first identified as a “common region” associated with different resistance
genes in certain class 1 integrons (57) was renamed CR1 when related elements were
identified (58), and the name ISCR has been used since recognition of their similarity to
IS91-like IS (59). ISCR elements are assumed to move and pick up adjacent sequences
by rolling circle replication (59), although this has not been demonstrated experimen-
tally. The proteins that they encode (with the proposed name Rcr, for rolling circle
replicase [60]) belong to the HUH Y1 family (single catalytic tyrosine). ISCRT appears to
have been responsible for capturing and moving a few different antibiotic resistance
genes (Table 4) (21). These are found adjacent to the ori end of ISCRT in “complex” class
1 integrons (Fig. 2G; see below), presumably as a result of incorporation of the circular
molecule by recombination (58, 59). ISCR2 is associated with a few different resistance
genes, particularly sul2 in the genomic island Glsul2 and its derivatives (61) (see below).
Many other ISCR elements belong to the ISCR3 family (62), which includes hybrids
presumably generated by recombination between related elements (21). One of these,
ISCR27, may have been responsible for mobilization of a precursor of blaypy, from an
unidentified source organism to A. baumannii (63), but ISCRT may have contributed to
subsequent movement (64).

UNIT TRANSPOSONS

Unit transposons were traditionally thought of as elements larger than IS, bounded
by IR rather than by a pair of IS, and including a transposase gene and an internal
“passenger” gene(s), which may encode antibiotic resistance. This IS/Tn distinction is
becoming more problematic, however, as there are now examples of relatives of
well-known IS carrying passengers (transporter IS [tIS]) (65), which may have a Tn
name/number, and cryptic relatives of transposons without any passengers, which may
be given an IS name. The transposon registry (11) lists and provides numbers for unit
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TABLE 5 Unit transposons associated with resistance in staphylococci and enterococci?

Transposon Family Determinant Associated resistance(s) Host®
Tn551 Tn3 erm(B) MLS antibiotics S
Tn917 erm(B) MLS antibiotics E
Tn1546 vanA Vancomycin/teicoplanin S, E
Tn552 Tn7 blaz Penicillins S, E
Tn5404 aadE Streptomycin S
aphA-3 Kanamycin/neomycin
Tn554 Other erm(A) MLS antibiotics S, E
spc Spectinomycin
Tn558 fexA Chloramphenicol/florfenicol S
Tn559 dfrk Trimethoprim S
Tn5406 vga(A)v Streptogramin S
A/pleuromutilins/lincosamides
Tn6133 erm(A) MLS antibiotics S
spc Spectinomycin
vga(E) Streptogramin

A/pleuromutilins/lincosamides

aSee reviews by Firth and Skurray (494), Hegstad et al. (412), and Clewell et al. (16) for references. Also see
the work of Kehrenberg and Schwarz (496), Kadlec and Schwarz (510), and Schwendener and Perreten (511).
bS, Staphylococcus; E, Enterococcus.

transposons, and some Tn3 family transposons are included in ISfinder (10). Classes |,
I, and Il have been used as terms for different transposon types, but we have avoided
these here, as definitions have changed over the years (66-68) and the same terms
have different meanings for describing mobile elements in eukaryotes.

Antibiotic resistance genes are often associated with Tn3 family transposons, which
were reviewed recently (68). Members of the broad Tn3 family are generally charac-
terized by ~38-bp terminal IR, with IR, and IRz named relative to the direction of
transcription of the tnpA transposase gene, which is typically much larger than those of
IS (~3 kb). Tn3 family transposons also include a tnpR resolvase gene and a resolution
(res) site, made up of two or three subsites, and may include passenger genes.
Transposition occurs via a replicative mechanism in which TnpA catalyzes generation of
a cointegrate structure, consisting of directly repeated copies of the transposon sepa-
rating the original donor and recipient molecules (26). The cointegrate is then resolved
into separate molecules, each containing a copy of the transposon, by site-specific
recombination between the two directly oriented res sites, catalyzed by TnpR (68, 69).
Transposition creates TSD of 5 bp (or occasionally 6 bp). Tn3 family members demon-
strate transposition immunity, i.e., transposition of a second element into the same
vicinity or the same DNA molecule is inhibited (68, 69), but homologous and/or
res-mediated recombination between related elements can occur, creating hybrid
elements.

Another transposon superfamily, referred to here as Tn7-like transposons, includes
members associated with antibiotic resistance, such as Tn7 and Tn402-like elements in
Gram-negative bacteria and Tn552 in Staphylococcus. Members of this group share
some features, such as multiple genes encoding products (including a transposase
regulator) involved in transposition rather than the single long tnpA gene found in the
Tn3 family, but have different transposition mechanisms. Unlike Tn3 family transposons,
members of this group may also target a particular site(s). The Tn3 family and Tn7-like
transposons most relevant to antibiotic resistance in the species of interest are de-
scribed below and/or listed in Table 5.

Tn3 Family Transposons

Tn1, Tn2, and Tn3. The archetype of the Tn3 family and the close relatives Tn7 and
Tn2 were some of the earliest unit transposons to be identified in Gram-negative
bacteria (70). In these elements, tnpA and tnpR are transcribed in opposite directions,
and the res site lies between them (Fig. 3A). Tn7, Tn2, and Tn3 correspond to three
named examples of a family of hybrid elements sharing ~99% identity over most of
their length but only ~85% identity in short regions either side of res, which suggests
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FIG 3 Tn3 family transposons. The extents and orientations of various genes are shown by arrows, with thick arrows used to
indicate antibiotic resistance genes (apart from those in gene cassettes). Terminal IR are indicated by black bars and putative
ancestral IR relics by gray bars. res sites are shown as black boxes. (A) Tn3 family. Gene cassettes in Tn7337 are shown as narrower
boxes. (B) Tn21 subfamily. For Tn27, the insertion site for class 1 In/Tn (see Fig. 4) and the 5-bp TSD are shown. Different integron
structures and different cassettes may be present. 1S4327 or 1S5075 may be found inserted into IR, and/or IR, in the indicated
orientations. (C) Tn4401. The approximate position of deletions that lead to different promoter variants is indicated. Diagrams
were drawn based on sequences from the following INSDC accession numbers: Tn2, AY123253; Tn1331, AF479774; Tn5393,
AF262622; Tn1546, M97297; Tn21, AF071413; Tn1696, U12338; Tn6452; KY807920; Tn1721, X61367; and Tn4401, EU176011. The
resistance genes shown confer resistance to the following antibiotics: bldg,, ,, broad-spectrum B-lactams; blagy, .., oxacillin;
aadAT, streptomycin and spectinomycin; strAB, streptomycin; vanXAH, vancomycin/teicoplanin; mcr-5, colistin; tet(A), tetracycline;
and blaypc, carbapenems.

homologous recombination followed by res-mediated recombination (70). Tn2 is the
most common of the three in clinical isolates but is often annotated and referred to as
Tn3 (71).

blagy genes, including those encoding extended-spectrum B-lactamases (ESBL) or

October 2018 Volume 31 Issue 4 e00088-17

Clinical Microbiology Reviews

cmr.asm.org 12


https://www.ncbi.nlm.nih.gov/nuccore/AY123253
https://www.ncbi.nlm.nih.gov/nuccore/AF479774
https://www.ncbi.nlm.nih.gov/nuccore/AF262622
https://www.ncbi.nlm.nih.gov/nuccore/M97297
https://www.ncbi.nlm.nih.gov/nuccore/AF071413
https://www.ncbi.nlm.nih.gov/nuccore/U12338
https://www.ncbi.nlm.nih.gov/nuccore/KY807920
https://www.ncbi.nlm.nih.gov/nuccore/X61367
https://www.ncbi.nlm.nih.gov/nuccore/EU176011
http://cmr.asm.org

Mobile Genetic Elements and Antimicrobial Resistance

inhibitor-resistant (IRT) variants, have always been found within Tn7, Tn2, Tn3, or
variants, hybrids, or fragments of these transposons. A degenerate relic of an IR just
upstream of bla,, suggests capture following adjacent insertion of an ancestral cryptic
transposon (68). A derivative of Tn3, named Tn1337, carries additional resistance genes
in a region derived from a class 1 integron (Fig. 3A; see below) (72). Hybrid Tn1337-like
elements with better matches to Tn7 or Tn2 in different segments are quite common,
including in association with bla.c genes (73). Recombination between different
copies of Tn2 in different locations may also contribute to spread of resistance genes
that have been inserted within this transposon by other mobile elements (74, 75).

Tn5393. Tn5393 carries the strAB (streptomycin resistance) gene pair in the position
equivalent to that of bla;g,, in Tn3. Complete copies of Tn5393 with different insertions
have been identified (76), but fragments of Tn5393 appear to be more common than
the complete transposon in plasmids and genomic islands.

Tn1546. The transposons discussed above are all associated with antibiotic resis-
tance in Gram-negative bacteria, while the most notable member of the Tn3 family in
Gram-positive bacterial species is Tn1546 (Fig. 3A). Similar to the tnpA and tnpR genes
of Tn3, those of Tn1546 are transcribed in opposite directions and separated by the res
site; it has 38-bp imperfect IR and creates 5-bp TSD on insertion (77). Tn1546 encodes
resistance to vancomycin via the vanA gene cluster, whose expression is regulated by
the vanRS gene products. Variants of Tn1546 display significant heterogeneity, includ-
ing deletions and/or one or more IS inserted into the backbone structure (78). In some
cases, these IS have also acquired additional resistance determinants, such as fosB3
(fosfomycin resistance) (79). Importantly, Tn1546 has been responsible for the spread of
vancomycin resistance among enterococcal populations around the world, largely
facilitated by its association with conjugative plasmids. Furthermore, Tn7546 has been
delivered into methicillin-resistant S. aureus (MRSA) by plasmids on several occasions
(see below).

Tn27 Subfamily Transposons

In members of the Tn21 subfamily of the Tn3 family, the tnpR and tnpA genes are
in the same orientation and the res site is upstream of tnpR (80). This arrangement may
give a more stable transposition module than the organization in the transposons
described above, as the tnpA and tnpR genes are less likely to become separated by
aberrant recombination in res (81). The 38-bp IR of Tn27 subfamily elements are the
targets for the related 1S4327 and 155075 elements (IS770 family; encode a DDED
transposase), which transpose via double-stranded circular intermediates and insert in
one orientation at a specific position, presumably preventing further movement of the
host transposon by transposition (82).

Tn21 and close relatives. Tn27 (81) and related transposons (Fig. 3B) often carry a
mercury resistance (mer) operon but are important in movement of antibiotic resistance
genes, as they may also carry a class 1 integron (see below). Different members of this
family have tnp regions that are ~80% identical, and they carry different mer operons
(e.g., Tn27 and Tn7696) (83) or other accessory genes (e.g., Tn7403) (84). Tn21 itself has
an extra region between mer and the res site, and integrons with different structures
and different cassette arrays are always found inserted at the same position in this extra
sequence, flanked by the same TSD (81). In related transposons without this region, a
class 1 integron may be inserted at different locations within the res site (see reference
21 for more details). Because such an interruption might affect resolution, this might
help to explain why Tn27 is apparently more prevalent than other members of this
subfamily (81).

A new mcr-type gene, mcr-5, was recently identified as part of a transposon
designated Tn6452, identified in Salmonella, E. coli, and Cupriavidus gilardii (environ-
mental Burkholderiaceae) (85, 86). The tnp region of Tn6452 is ~80% identical to that of
Tn21, and Tn6452 is bounded by identical 38-bp IR and creates the expected 5-bp TSD.

Tn1721. Tn1721 consists of Tn1722 (tnpA, tnpR, and res) adjacent to a partial
duplication of the IR end of Tn7722 and the tet(A) tetracycline resistance determinant.
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The whole structure is flanked by 38-bp IR and has an extra internal copy of IRg (21).
Tn1721 may have been created by internal deletion of an ancestral composite element
flanked by two copies of Tn1722 (68). As in the case of Tn5393, fragments of Tn1721/
Tn1722 are more common than the complete element in plasmids and resistance
islands in Gram-negative bacteria.

Tn4401

Tn4401 (Fig. 3C), carrying bla,pc variants, also belongs to the broader Tn3 family, but
the common description “Tn3 based” is not accurate, as the Tn3 and Tn4407 TnpA
proteins are only about 39% similar/22% identical and the TnpR and nucleotide
sequences are quite different. The organization is also different from that of Tn3, with
blayec and the flanking ISKpn7 (upstream) and ISKpn6 (downstream) elements found
between IRz of Tn44071 and the end of the tnpA gene. It appears that an ancestral
transposon inserted upstream of bla,pc, with insertion of 1ISKpné6 disrupting the original
IRk and forcing use of an alternative downstream sequence in subsequent transposition
events (87).

Several variants of Tn4401 with different internal deletions have been distinguished
by lowercase letters (88). The longest version, Tn4401b, has two experimentally con-
firmed promoters driving bla,pc expression: P2 (last 6 bp to 24 bp downstream of the
ISKpn7 IRg) and P1 (74 to 46 bp upstream of the blay, start codon) (88). Deletions in
Tn4401d (68 bp) and Tn4401a (99 bp; often incorrectly stated as 100 bp) remove regions
between P1 and P2 that may form secondary structures but leave both promoters
intact (88), as does the 188-bp deletion in Tn4407h (89). The most common form,
Tn4401a, gives the highest levels of resistance (88), while Tn4407h gives higher levels
than those with Tn4401b (89). Tn4407c and Tn4401e have deletions of 216 bp (incor-
rectly reported as 215 bp) and 255 bp, respectively, ending at the same place (27 bp
upstream of the blaypc start codon) and leaving P2 only, which was found to result in
reduced bla,p- expression (88). Three other bla,, contexts have either no deletion in
this region (Tn44017f [90]) or the 216-bp (Tn4401g [91]) or 255-bp (another Tn4401h
variant [92]) deletion, but regions upstream of bla,,- do not match the complete
Tn4401 sequence, and these may better be considered “non-Tn44017 elements” (NTE,pc)
that contain only part of Tn4407 (93).

Transposons Related to Tn7

Tn7. The characteristics of Tn7 have been reviewed several times (see references 94
and 95 and references therein). Tn7 carries the tnsABCDE genes (Fig. 4A) and uses a
“cut-and-paste” transposition mechanism. TnsB and TnsA together form a heteromeric
transposase that excises Tn7 from its original site. IR of ~28 bp are present at each
extremity of Tn7, but there are also four 22-bp TnsB binding sites within 90 bp of the
IR, end and three within 150 bp of the IRz end (95). TnsC is an adaptor for target
capture that communicates between TnsA/B and either TnsD, directing insertion to a
single chromosomal attTn7 site just downstream of the conserved gimS gene of
Gram-negative bacteria, or TnsE, to target the lagging strands of replicating conjugative
plasmids. This allows both vertical and horizontal transmission (95). Transposition
generates 5-bp TSD, and Tn7 carries a class 2 integron (see below).

Tn402-like transposons. Tn402 (also called Tn5090) and other members of the
Tn5053 family may carry a class 1 integron (see below) or a mer operon. They are
bounded by 25-bp IR, create 5-bp TSD, and carry the tniABQR genes (Fig. 4B). TniA and
TniB are related to TnsB and TnsC of Tn7, respectively (96), but transposition occurs via
formation of a cointegrate, which also requires TniQ (also called TniD) and resolution by
the TniR (TniC) resolvase acting at the adjacent res site (97). These transposons target
the res site of Tn27 subfamily transposons but also resolution sites found on plasmids
(98). Different Tn402-like tni regions, including hybrids, have been identified in associ-
ation with class 1 integrons (99).

Tn552. Strains of S. aureus resistant to penicillin emerged shortly after its therapeutic
introduction, and Tn552-like elements are believed to be the origin of all B-lactamase
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top diagram represents Tn6022; differences in minor variants Tn6027 (a short region with only 90% identity matches
Tn6172) and Tn6022A are shown. The main part of the Tn6174 diagram corresponds to the hypothetical, ancestral Tn6173,
which is also related to Tn6022 (percentage identities in different regions shown above) but has the ars/feo region
replacing uspA and sup. Tn6174 itself has the two insertions shown above the diagram. Tn6172 was generated from Tn6174
by addition of Tn5393 (Fig. 3) and an internal deletion. In AbGRI1-0, a region flanked by Tn6022 and Tn6172 is inserted into
the chromosomal comM gene. The backbone Tn6079 of AbaR3-like islands is related to Tn6022 (percent identities in

(Continued on next page)
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genes in staphylococci (100). Tn552 itself carries genes encoding proteins related to
TnsB (0rf490) and TnsC (orf271) of Tn7 (94) as well as binL, encoding a serine recom-
binase, separated from the blal, blaR1 (both encoding regulators [101]), and blaZ
(B-lactamase) genes by a res site (Fig. 4C) (102). It is bounded by 116-bp IR and creates
6- or 7-bp TSD on transposition. Tn552-like transposons are sometimes found in the
chromosome but are often carried by multiresistance plasmids and, like Tn5053-like
elements, are usually inserted within the res site of the plasmid’s resolution system
(103-106). In many cases, genetic rearrangements are evident within or in the vicinity
of these elements, presumably mediated by interactions between the transposon and
plasmid resolution systems and repeated transposition events into them (15).

A. baumannii resistance islands. Antibiotic resistance islands (AbaR and AbGRI1)
found in global clones (GC) of A. baumannii are described in this section, as they are
based on transposons related to Tn7 and Tn402 (95, 107, 108). Like Tn7 and Tn402,
these transposons may target a specific site(s), as they are generally inserted into the
chromosomal comM gene (encoding a protein of unknown function with an ATPase
domain [109]), flanked by the same 5-bp TSD (ACCGC), but also on plasmids (110).
These transposons are bounded by 25-bp IR and carry tniCAB, encoding Tn7 TnsA-,
TnsB-, and TnsC-like proteins, as well as tniDE (orf2 and -3) and various downstream
genes (Fig. 4D). Different resistance genes are inserted at different places in these
transposon backbones.

Variants of the same basic transposon structure have been named Tn6022, Tn6022A
(2.85-kb deletion), and Tn6021 (differences in part of tniCA) (Fig. 4D), while other
variants are more complex. Tn6772 appears to have evolved from a hypothetical
transposon, Tn6773, by addition of other elements to give Tn6174, followed by incor-
poration of Tn5393 and a subsequent large internal deletion (110). AbGRI1-0 consists of
Tn6022 and Tn6172 flanking a region containing orf5 to orfl1 and int (encoding a
tyrosine recombinase) and may be derived from a plasmid-borne region. AbGRI1
variants may be derived from AbGRI1-0 by addition of resistance genes or deletions due
to recombination between homologous transposon segments (110). In some A. bau-
mannii isolates, a single Tn6022-like transposon is inserted into comM, e.g., AbaR4,
which consists of Tn6022 with Tn2006 (Table 1) inserted.

The backbone of regions referred to as AbaR3-like is Tn6079, which is related to
Tn6022 but has a different, longer region downstream of tniE (Fig. 4D) (109). A
composite transposon-type structure consisting of two directly oriented copies of
Tn6018 flanking different resistance regions is inserted in this backbone. Components
of these resistance regions are apparently derived from a plasmid related to R1215 from
Serratia marcescens, which is not stably maintained in A. baumannii (111).

GENE CASSETTES AND INTEGRONS

A gene cassette is a small mobile element (~0.5 to 1 kb) consisting of a single gene
(occasionally two), typically lacking a promoter, and an attC recombination site. Gene
cassettes can exist in a free circular form but are nonreplicative and are usually found
inserted into an integron (Fig. 1), characterized by an intl gene, an att/ recombination
site, and a promoter (Pc). intl encodes an atypical site-specific tyrosine recombinase,
which has an extra domain compared to other members of this family (112), that
catalyzes recombination between the attl site of the integron and the attC site of a

FIG 4 Legend (Continued)

different regions are shown) but contains an additional segment, shown above the relevant diagram. Various regions
containing different antibiotic resistance genes are found between the two copies of Tn6078 (designated RR). Diagrams
are based on previously published information (109, 110) and on sequences from the following INSDC accession numbers:
Tn6022, CP012952; Tn6021 and Tn6164, CP012005; Tn6022A, IN247441; Tn6172, KU744946; and Tn6019, FJ172370. (E)
Glsul2 (15.460 kb [188] rather than the initially reported 15.456 kb [61], apparently due to errors in the S. flexneri sequence).
ars, arenite/arsenate resistance gene; TA, toxin-antitoxin system; alpA, regulation gene. The diagram is based on informa-
tion in reference 188 and the sequence from INSDC accession number KX709966. The resistance genes shown confer
resistance to the following antibiotics: aadA1, streptomycin and spectinomycin; sat2, streptothricin; dfrA1 and dfrB3,
trimethoprim; qacE, quaternary ammonium compounds; sull and sul2, sulfonamides; blaZ, penicillins; and strAB,

streptomycin.
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cassette. This inserts the cassette into the integron in the orientation that allows
expression of the cassette-borne gene from the Pc promoter. Multiple cassettes may be
inserted into the same integron to create a cassette array (often incorrectly referred to
as a “cassette”) that may confer multiresistance (Fig. 1). Different classes of integron
have been defined based on the sequence of Intl (called Intl1, Intl2, Intl3, etc., with
cognate attl1, attl2, and attl3 sites), with class 1 being the first reported and most
common in antibiotic-resistant clinical isolates. Integrons and gene cassettes have been
reviewed many times (e.g., see references 112-114).

Cassette Integration and Expression

attC sites associated with different cassettes differ in sequence, but all include two
pairs of conserved 7- or 8-bp core sites at their outer ends (R"-L” and R’-L’ [112] or 1L-2L
and 2R-1R [114]). These are separated by a region of variable length that usually shows
inverted repeatedness. Although the sequence similarity between different attC sites is
low, single-stranded versions each form a conserved secondary structure, with two or
three unpaired, protruding extrahelical bases. These are recognized by the Intl recom-
binase and are important in directing recombination to the bottom strand, ensuring
that insertion occurs in one orientation only (112).

The most efficient Intl-mediated reaction is recombination between the double-
stranded attl site and the single-stranded, folded attC site to insert a cassette into the
first position in an array. Intl-mediated excision of cassettes typically occurs between
two single-stranded, folded attC sites. Intl1 activity is regulated by LexA (SOS response
master regulator) binding to a site overlapping the —10 box of the intl7T promoter,
repressing expression to minimize unnecessary cassette shuffling. If the SOS response
is triggered, repression is lifted, giving increased integrase activity when adaptation is
required (112). Formation of single-stranded DNA during conjugation also favors both
attC folding and recombination, as well as triggering of the SOS response, so that
incoming cassettes are more likely to be integrated (112). intl2 expression is not
regulated by the SOS response (115).

In class 1 integrons, the Pc promoter lies within the int7 gene, and minor sequence
variations give an inverse relationship between Pc strength and Intl1 activity (116). In
some class 1 integrons, insertion of three G's between potential —35 and —10 sites
gives optimal 17-bp spacing, activating an additional promoter (P2) (116). attl2 of class
2 integrons contains two active Pc promoters, also with variants of different strengths
(115). Expression of cassette genes is reduced with increasing distance from Pc and P2.
Rather than being due to effects of attC secondary structure on transcription, as first
proposed (117), this appears to be due to effects on translation (112). This means that
cassettes can be carried at less cost at the “back” of an array but still have the potential
to be shuffled to the “front” of the array. Some cassette genes lack a ribosome binding
site (RBS), and ORF-11 (118) and the recently identified ORF-17 (119) in attl/T may
contribute to expression if the cassette is the first in the array.

Class 1 Integrons

Tn402 (Fig. 4B) seems to have resulted from capture of the intl1/att/1/Pc combina-
tion, found on the chromosomes of betaproteobacteria in association with a gacE
cassette (resistance to antiseptics), by a Tn5053 family transposon (120). In the more
common “clinical” or “sull-type” class 1 integrons, part of the tni region has been
replaced by the 3’ conserved segment (3'-CS) (Fig. 4B). The longest versions of the
3'-CS include the gacEAT1 gene, derived from the gacE cassette, and sull (encoding
resistance to the early sulfonamide antibiotics), but only part of this region may be
present. The term “class 1 In/Tn” has been suggested to encompass structures with
intl1/attl1/Pc and either a full or truncated tni region (21). The 25-bp IR of class 1 In/Tn
are known as IRi (at the integrase end) and IRt (at the tni end), and the region from IRi
to the end of the attl7 site is called the 5’ conserved segment (5’'-CS). While some class
1 In/Tn have lost tni transposition functions, there is evidence that they can be moved,
presumably by compatible Tni proteins available in the same cell (121). Class 1 In/Tn
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may also move with an upstream ISPa17 element, which has IR related to IRi and IRt
(122).

The first few class 1 In/Tn identified were given In numbers, In0 (no cassettes) to In6,
intended to specify all components, including the cassettes, the length of the 3’'-CS and
tni region, and any additional elements, such as IS. “In2-like” (with 1S7326 plus IS7353
inserted) and “In4-like” (with a shorter 3'-CS and inverted IRt ends of tni separated by
IS6700) integrons seem to be the most common (114). INTEGRALL (123; http://integrall
.bio.ua.pt/) now keeps a registry of In numbers, but these really correspond only to
different cassette arrays. So-called “complex” class 1 integrons, usually with partial
duplications of the 3'-CS, are created by insertion of circles containing ISCRT and an
associated resistance gene(s) by recombination into the 3'-CS or an existing ISCRT
element (Fig. 2G). The boundary with position 1,313 of the 3'-CS is used to define the
ter end of ISCR1, although this may not be the original end (21).

Other Integron Classes

Class 2 integrons, associated with Tn7 (Fig. 4A) and variants, often have a nonfunctional
Intl2 gene due to an internal stop codon and, probably as a consequence, house a limited
variety of cassettes (124). Class 3 integrons are more similar to class 1 integrons and also
appear to be associated with Tn402-like transposons (125). Only a few examples have been
identified, mostly carrying cassettes that encode B-lactamases. Class 4 was previously used
to refer to an integron found in the Vibrio cholerae chromosome. This and other “sedentary
chromosomal integrons” (SCI; formerly called Cl) may contain very large arrays of cassettes
(>170 in V. cholerae), which all tend to have very similar attC sites. Although cassettes
containing resistance genes make up a minority of those in SCl, they appear to be the
source of cassettes found in “mobile” integrons (112). “Mobile” integron types, now
designated class 4 and class 5 integrons (112), appear to be rare and have not been
identified in the species of interest here.

Gene Cassettes and Antibiotic Resistance

A wide variety of gene cassettes containing resistance genes (named after the gene
carried) have been identified (114; see http://app.spokade.com/rac/feature/list for updated
lists). The most clinically relevant are those carrying genes encoding B-lactamases or
aminoglycoside-modifying enzymes. The former include metallo-B-lactamases (MBL; class
B), with the VIM and IMP types being the most common. Cassette-borne genes also encode
class A GES enzymes, which are either ESBL or carbapenemases (with a mutation at amino
acid 170), and class D OXA-10-like (which include ESBL variants) and OXA-1-like
enzymes. Variants of the common aacA4/aac(6’)-Ib cassette may confer resistance to
tobramycin plus gentamicin and/or amikacin or low-level resistance to fluoroquino-
lones due to different point mutations. Different fusions that compensate for the
lack of an RBS in this cassette also create AacA4 proteins with different N-terminal
ends (114). Certain cassette arrays (e.g., |dfrA17laadA5! and IdfrA12IgcuFlaadA2|, giving
resistance to trimethoprim [dfr] and to streptomycin and spectinomycin [aadAl; gcu
indicates a gene cassette of unknown function) are very common in class 1 integrons
(114).

Gene cassettes may be interrupted at a specific position in the attC site by an
IST117-attC element related to 1S4327/1S5075 (see above) or by a group Il intron
(114). These small, mobile, site-specific elements encode a catalytic RNA (ribozyme)
and a reverse transcriptase (126). A role for these introns in creation of gene
cassettes has been suggested (127), but there are also arguments against this (112).
Sometimes the partial attC site that follows an IS7777-attC element or an intron
does not belong to the preceding cassette, suggesting IS- or intron-mediated
deletion (114, 128), which may be a way of streamlining arrays. Group Il introns,
named using a combination of a species abbreviation and a number (129; http://
webapps2.ucalgary.ca/~groupii), are also found inserted into conjugative plasmids
(75), ICE, and pathogenicity islands (16).
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Gene Cassettes and Integrons in Gram-Positive Bacteria

Gene cassettes and/or integrons have been reported for a few Gram-positive
bacterial species, including Corynebacterium glutamicum (on a plasmid transferable to
E. coli) (130), Staphylococcus (e.g. see reference 131), and Enterococcus (e.g., on a
transferable plasmid [132]). However, many studies report only detection of int/T by
PCR, with sequencing of fragments in some cases. Searches with the class 1 integron
5'-CS or 3'-CS against sequences from Staphylococcus and Enterococcus species in
GenBank (including the whole-genome shotgun contigs [WGS] database [accessed May
2018]) identified very few examples, most of which were fragments and none of which
provided evidence of linkage to the chromosome or plasmids. Thus, there is presently
no conclusive evidence demonstrating the existence of integrons in these genera.

MITEs AND TIMEs

MITEs are nonautonomous (i.e., incapable of self-transposition) derivatives of bac-
terial IS or transposons that retain the IR but which have lost central parts, including the
transposase gene(s) (134). Pairs of MITEs, including Tn3-derived inverted-repeat min-
iature elements (TIMEs) (135), appear to have been involved in mobilization of resis-
tance genes. For example, a composite transposon-like structure flanked by two copies
of a 288-bp TIME (referred to as an integron mobilization unit [IMU]) was shown to
transpose the intervening integron fragment when a Tn3 family transposase was
provided (136). Two copies of the same 439-bp MITE were also identified flanking
integron fragments carrying different cassette arrays in different Acinetobacter isolates
(133, 137). MITEs and TIMEs may provide an explanation for movement of resistance
genes if full-length IS or transposons cannot be found, but they can be difficult to
identify.

RESISTANCE PLASMIDS

Plasmids are important vehicles for the carriage of other MGE and acquired antimi-
crobial resistance genes associated with these elements in both Gram-negative and
Gram-positive genera, and they vary in size from less than a kilobase to several
megabases (138). Their extrachromosomal existence stems from their ability to repli-
cate and hence be inherited in a growing population of host cells, which often requires
a cadre of gene systems dedicated to their efficient vertical inheritance. Conjugation or
mobilization functions may also be present, allowing plasmids to spread horizontally.
Together the genes encoding these functions form a “backbone” (139) that represents
a core of plasmid housekeeping functions to which can be added “accessory” niche-
adaptive activities that might benefit the host cell (and hence the plasmid itself) in a
particular environment. In resistance plasmids, these accessory regions are typically
made up of one or more resistance genes and associated mobile elements of the types
described above (IS, Tn, and/or In). Closely related backbones may have different
insertions and/or resistance regions, and conversely, different backbones may house
the same resistance genes and associated mobile elements. In this section, we first
provide a summary of the main functions encoded by plasmid backbones before going
on to describe the basic characteristics of known plasmid groups that have played a
major role in the spread of antibiotic resistance in the species that are the focus of this
review.

Replication Initiation and Copy Number Control

Plasmid replication initiates at a defined region, the origin (ori), triggered either by
an RNA transcript or, more commonly, by the binding of an initiation protein (Rep),
encoded by a rep gene on the plasmid, to proximal iterated DNA repeat sequences
termed iterons. The ori and the (typically colocated) initiator gene form the basic
component of all plasmids, the minimal replicon. Thus, plasmids encode their own
replication initiation but usually exploit the host's chromosomally encoded replication
machinery (helicase, primase, polymerase, etc.) for DNA synthesis itself. Interactions
with and dependence on host-encoded DNA replication proteins are among the factors
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that limit the host range of plasmids. Some plasmids are efficiently maintained only in
closely related bacterial taxa and are hence termed narrow-host-range plasmids,
whereas others are referred to as broad-host-range plasmids because they have been
found or shown to replicate in quite diverse genera. Factors other than replication,
particularly whether it is transmissible by conjugation or mobilization (see below), can
also influence a plasmid’s host range. Conjugation can be an extraordinarily promis-
cuous process, capable of even transkingdom genetic exchange (140). Transfer of
resistance plasmids into hosts in which they cannot replicate is therefore likely to be
commonplace, with other MGE (e.g., IS, Tn, and In) providing intracellular mobility
mechanisms that give resistance genes an opportunity to “escape” to other functional
replicons (the chromosome or other resident plasmids). Thus, even narrow-host-range
plasmids can act as suicide vectors for the horizontal spread of resistance genes into
divergent hosts.

Replication initiation proteins often possess one of several ancient conserved do-
mains (141), which define the type of replication system. Three modes of plasmid
replication have been described for circular plasmids (142). Rolling circle (RC) replica-
tion is commonly used by small plasmids in Gram-positive and, less commonly,
Gram-negative bacteria (143). It relies on a Rep protein nicking one DNA strand at the
double-stranded origin (dso), which provides a free 3'-OH to prime leading-strand DNA
synthesis that displaces the remainder of the nicked strand. The displaced strand is then
asymmetrically replicated from a second, distinct, single-stranded origin (sso). This
mode of replication effectively limits plasmid size, so RC plasmids are usually cryptic or
carry only a single resistance gene.

The other modes of plasmid replication rely on initiator-mediated localized melting
of double-stranded DNA (dsDNA) at the origin to trigger replication based on RNA
primers. Theta-mode replication resembles circular chromosome replication and is
widely used by small to very large plasmids. DNA synthesis is continuous on the leading
strand and discontinuous via Okazaki fragments on the lagging strand (144). IncQ
plasmids utilize the third mode of replication, termed strand displacement, where both
DNA strands are replicated continuously in opposite directions from the origin (144);
these plasmids are also usually small. IncQ plasmids exhibit an extremely broad host
range, as they encode their own helicase and primase proteins in addition to an
initiator.

In order to balance the competing demands of effective plasmid inheritance and
metabolic impost on the host, plasmids control their copy number. The details of
plasmid copy number control systems vary greatly between plasmid types, but two
basic strategies have been discerned. The first uses an antisense (countertranscript)
RNA, constitutively expressed and hence proportional to plasmid copy number, which
binds to the complementary rep mRNA to repress its transcription and/or translation; in
plasmids that use an RNA initiator, such as ColE1, countertranscript binding inhibits
maturation of the RNA primer (145, 146). In the second mechanism, the ori sites on two
plasmid molecules are “handcuffed” together by interactions between Rep proteins
bound to their iterons. This modulates Rep activity in response to the concentration of
iterons within the cell, which is directly proportional to the plasmid copy number (147,
148).

Plasmids with multiple replication regions are quite common in both Gram-negative
and Gram-positive bacteria, suggesting that fusions/cointegrations between plasmids
occur frequently. It would be expected that the rep region with the highest intrinsic
copy number would initiate replication of a multireplicon plasmid. Additional replicons
may unduly increase the fitness cost of a cointegrate plasmid and can be eliminated by
mutations or deletions, but they may also be advantageous, e.g., being able to use
different replicons that can function in different host species may increase the plasmid
host range. The presence of multiple replicons might also allow those that are not
driving replication to diverge, potentially changing incompatibility (149) (see below).
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Plasmid Maintenance

Once replicated, plasmids must be distributed between daughter cells when divi-
sion takes place. For small plasmids maintained at a high copy number, efficient
inheritance by both daughter cells can be achieved by random segregation. However,
larger plasmids usually exist at a low copy number to minimize the burden on their
hosts, which risk being outcompeted by plasmid-free counterparts in the environment.
Large low-copy-number plasmids thus usually possess functional modules that con-
tribute to plasmid maintenance (segregational stability) (150). These include multimer
resolution (res), partitioning (par), and postsegregational killing systems.

Resolution systems convert plasmid multimers, which arise due to homologous
recombination, into monomers that can be segregated independently into daughter
cells. They usually comprise a gene encoding a site-specific recombinase and a cognate
DNA site at which the recombinase acts, although some plasmids possess only a site
that is recognized by a chromosomally encoded resolvase (151). Partitioning systems
actively distribute plasmid copies to daughter cells and usually consist of two genes.
The first encodes a DNA-binding “adaptor” protein that interacts with both a
“centromere-like” DNA site and a “motor” protein encoded by the second gene; most
par systems belong to one of three types, based on the class of motor protein which
they encode (152, 153). Postsegregational killing systems, sometimes called plasmid
addiction systems, kill progeny cells that fail to inherit a copy of the plasmid (i.e., if
replication, resolution, and/or partitioning fails). They include toxin-antitoxin (TA) sys-
tems that encode a toxic polypeptide and an antitoxin component that inhibits the
expression or activity of the toxin. A number of different TA system types have been
described, distinguished primarily by the nature of the antitoxin (RNA or protein) and
its mechanism of action (154), but plasmid TA systems all rely on an abundant antitoxin
that is more labile than the longer-lived toxin component (either the toxic protein itself
or the mRNA that encodes it) that it counteracts (155). Thus, in daughter cells that fail
to inherit a copy of the plasmid, the antitoxin cannot be replenished and inhibition of
toxin activity is eventually released, resulting in cell death. Restriction-modification
systems, often found on plasmids and other mobile elements, can also act as postseg-
regational killing systems (156).

Conjugation and Mobilization

Plasmid propagation is facilitated not only through vertical transmission via cell
division but also via horizontal transmission to other bacterial cells. Conjugative
(self-transmissible) plasmids possess genetically complex systems for horizontal plas-
mid transfer, which significantly increase the size of their conserved backbone. The
transfer (tra) regions of conjugative plasmids encode proteins for mating pair formation
(MPF; classified into 8 types) (157) that function as a specialized type IV secretion
system (T4SS) pore, as well as DNA transfer replication (DTR) proteins that process the
plasmid DNA. The DTR proteins include a relaxase that specifically nicks the origin of
transfer (oriT) of the DNA strand that is exported to the recipient cell (158). In
Gram-negative bacteria, the T4SS assembles a conjugative pilus, a filamentous surface
appendage that mediates interactions with recipient cells. Within the donor cell, the
nucleoprotein complex, comprised of DTR proteins and nicked oriT (termed the relaxo-
some), is linked to the MPF pore (transferosome) by a coupling protein (T4CP), a
multimeric ATPase belonging to the FtsK/SpolllE superfamily (159, 160). Conjugative
plasmids also often carry genes encoding entry (surface) exclusion proteins that
prevent the host from acting as a recipient cell for the same or related plasmids (161).

Some nonconjugative plasmids can be transferred horizontally by exploiting the
MPF apparatus provided by a conjugative plasmid present in the same cell. Such
mobilizable plasmids carry only a subset of the DTR functions (usually termed mob),
including oriT and a gene for a corresponding relaxase. However, there is emerging
evidence for both Gram-positive (162-164) and Gram-negative (165) organisms that
plasmids that were assumed to be nontransmissible due to the lack of a relaxase gene
may nonetheless actually be mobilizable (166) (see below).
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Plasmid Classification

Originally, plasmid classification commonly relied on the phenomenon of incom-
patibility, based on the observation that closely related plasmids cannot coexist stably
in the same cell. This is usually due to cross talk between the replication initiation
systems of the two plasmids that “confuses” copy number control (the two different
plasmids are perceived as the same), leading to a reduced copy number and hence to
segregational instability in the absence of direct selection (17, 167). Thus, incompatible
plasmids are likely related and are classified in the same Inc group. Extensive plasmid
Inc typing schemes were established for both Gram-negative and Gram-positive bac-
teria (160), but the laborious nature of incompatibility testing resulted in it being
superseded by hybridization (167), then PCR-based replicon typing (PBRT) (168, 169),
and ultimately sequencing-based approaches (170). Nonetheless, the historical Inc
groupings underpin the widely used PBRT and PlasmidFinder (https://cge.cbs.dtu.dk/
services/PlasmidFinder/) in silico replicon classification systems for plasmids from the
Enterobacteriaceae (170). A contemporary replicon classification system for plasmids
from Gram-positive genera was also devised, with groups rep, to rep,o (171), but
unfortunately the established Inc groupings were not incorporated. Additional rep
families were subsequently added separately by the same author group (rep,, and
rep,, to rep,,, corresponding to the set used currently in the PlasmidFinder Enterococ-
cus, Streptococcus, and Staphylococcus database) (172) and another group (173), result-
ing in discordant classification of some plasmids. Mobility typing (MOB typing), based
on conjugative and mobilization relaxase genes, was also devised to extend plasmid
identification/classification and to facilitate epidemiological tracking (174). These and
other methods are summarized in a recent paper, which also provides discussion of the
challenges of classifying plasmids from whole-genome sequence data (175).

Resistance Plasmids in the Enterobacteriaceae

Known resistance plasmids in the Enterobacteriaceae include large (up to at least 200
kb), usually conjugative, and small, often mobilizable, plasmids. PBRT (168) is commonly
used to type plasmids in these organisms, and MOB typing (176, 177) to some extent,
but the results of these methods are not always concordant (178). PlasmidFinder uses
a database of amplicon sequences from PBRT and additional variants (170) and is a
useful starting point for identifying plasmid types in whole-genome sequences. PCR
methods for detecting different partitioning systems (179) or TA systems (180) are also
available.

Plasmid multilocus sequence typing (pMLST) schemes (https://pubmist.org/plasmid/) for
some Inc groups assign allele numbers and sequence types (pST) (cf. MLST for strain
typing). These schemes were often designed when few plasmid sequences were
available and are based on the sequences of 2 to 5 gene fragments, so they can
obviously reflect differences in just those few short regions (Fig. 5). While in some cases
these schemes have been useful in identifying relationships between plasmids for
epidemiological purposes, examples of plasmids of the same pST with differences
outside the pMLST targets and different insertions of the same resistance gene have
been identified (55). As it is now more economical and informative to sequence
genomic DNA rather than to amplify and sequence individual pMLST targets, these
schemes are being superseded. Identifying pMLST types from whole-genome se-
quences (e.g., by using the pMLST tool at https://cge.cbs.dtu.dk/services/pMLST/) may
still be useful for comparison with historic data. For this reason, pMLST schemes are
mentioned in the relevant sections below, but there is now a need to use WGS to
understand the strengths and weaknesses of available pMLST schemes and to develop
better means for comparison of entire plasmid backbones to identify relationships and
evidence of recombination.

Although plasmids are now often assigned to a group on the basis of sequence
homology rather than information about true incompatibility, known resistance plas-
mids given the same Inc designation do mainly share backbones with similar organi-
zations/functions. Given that similar backbone types may be associated with a number
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FIG 5 Representative diagrams of the backbone organization of major plasmid types associated with antibiotic resistance in Enterobacteriaceae. Plasmid types
are indicated on the left. Diagrams are approximately to scale, with those in boxes at a different scale (see scale bars). Selected genes/gene regions involved
in various functions are shown by the following colors: red, replication/oriV; blue, conjugation; green, maintenance; brown, entry exclusion; and purple, TA.
Additional features may be shown for different plasmid types, with most explained further in the text, except for the following: ssb, single-stranded DNA binding
protein gene; pri/sog, primase gene; resD/resP, resolvase gene; stb, stability/partitioning gene; psiAB, plasmid SOS inhibition gene; impABC/mucAB, mutagenic
DNA polymerase gene; ardA, antirestriction gene; korAB, kill override gene (involved in regulation of tra); ccr, central control region; LDR, long direct repeats.
Origins of transfer (oriT) are indicated by “T,” if they have been defined. Insertion points for resistance regions common to plasmids of the same type are also
indicated, in some cases, by labeled vertical arrows. C backbones are represented by a single line, with differences (presence/absence of ARI-A, orf1832 versus

orf1847, rhs1 versus rhs2, and presence/absence of i1 and i2) shown above (C

;) and below (C,). L and M backbones are also represented by a single line, with

different insertions in common plasmids shown above (L) and below (M) (modified versions of Tn2 with additional resistance genes are also found at the site
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TABLE 6 Main characteristics of known resistance plasmids in Enterobacteriaceae

Rep Copy Conjugation or pilus
Inc@ Replicon(s) domain® no.c MOB¢ Host range description®
A/C (P-3) A/C — L MOBy;, Broad Thick and flexible
F Fll Fil L MOBg,, Enterobacteriaceae Thick and flexible
FIA Rep_3
FIB Rep_3
G (P-6) G — L MOBs, 4 Broad, y Mobilizable
HI1 HITA —e L MOB,;, Enterobacteriaceae Thick and flexibled
HIB —
FIA-like replicon Rep_3
HI2 HITA —f L MOB;, Enterobacteriaceae Thick and flexibleg
HI2 —f
| complex 11/1y/B/O/K/Z Fil L MOB,,, Enterobacteriaceae Rigid plus thin and flexible”
12 12 Fil L MOB,¢ Enterobacteriaceae Rigid plus thin and flexible”
J (ICE) J — MOBy;, Thick and flexible
L/M L/M Fil L MOB,5 Broad, a, B, v Rigid
N N Rep_3 L MOB¢,, Broad Rigid
P (P-1) P Rep_3 L MOBs4 44 Broad, a, B, vy Rigid
Q-1 Q-1 RepC H MOB,,, Gram-negative and Mobilizable
-positive bacteria
Q-3 Q-3 RepC H ? Broad Mobilizable
R R Rep_3 L ?
T T —f L MOB,;;> ? Thick and flexibles
U U — L MOB,, Broad, «, B, y Rigid
w W Rep_3 L MOBg, Broad, a, B, vy Rigid
X X Rep_3 L MOB,; Enterobacteriaceae Thin and flexible
Y Y —f L Enterobacteriaceae Plasmid-like prophage
ColE1 ColE1 RNA Il H MOB:s /1N Mobilizable

aP-numbers show designations used for Pseudomonas.

PAll plasmid types use a 6 replication mechanism, except for Q plasmids, which use a strand displacement mechanism. Rep domains (see text on plasmids in Gram-
positive bacteria for more details) from the conserved domains database (CDD) (141) were identified using BLASTp searches. —, no Rep domain identified in BLASTp
searches. ColE1-like plasmids encode an RNA primer rather than a replication initiation protein.

H, high; L, low.

9IMOB type usually associated with the replicon(s) in known resistance plasmids. For details of MOB classification, see reference 174.

eFrom reference 512.

RepHI1A, HI2, T, and Y replicons seem to belong to the same protein family.

9Conjugation is temperature sensitive (209), and host range appears to be broader at lower temperatures (513).

hThe PilV tip adhesin of the thin pilus is varied by the shufflon recombination system.

'HEN stands for amino acids H97, E104, and N106, whereas most relaxase active sites have three histidines (311).

of different resistance genes and associated MGE, here we have focused mostly on the
main characteristics of the plasmid backbones themselves (summarized in Table 6 and
Fig. 5). The following sections group plasmids by the original Inc categories, although
we removed “Inc” from the names to indicate that true incompatibility has not always
been determined (as proposed for A/C plasmids [181, 182]). Plasmids of some of these
groups are also found in P. aeruginosa, where they may have been given an alternative
P-number designation, and those that carry resistance genes are mentioned in the
relevant sections below. Another recent review of resistance plasmids in Enterobacte-
riaceae (183) includes information about the geographic distribution of plasmids from

FIG 5 Legend (Continued)

indicated for Tn2). These two plasmid types differ mainly in traY/excA (entry exclusion) and traX (relaxase), with differences in inc distinguishing the M1 and
M2 types. For HI1 plasmids, the type 1 backbone is shown, with insertions found in type 2 plasmids indicated above (A to E; region D from reference 211 was
recognized as a transposon, TnD, in reference 208). Insertions that give resistance to various heavy metals are indicated as follows; Te, tellurite; Ag, silver; Cu,
copper; and As, arsenic. Targets for pMLST schemes are underlined (for C plasmids, repA, parA, parB, and 053; for I1 plasmids, repA, ardA, trbA, sogS, and pilL;
for N plasmids, repA, korA, and traJ; for HI1 plasmids, repA [HCM1.64] as well as HCM1.99, HCM1.116, HCM1.178ac, HCM1.259, and HCM143 [abbreviated “99,”
etc.]; and for HI2 plasmids, 0199 and 0018). Shufflons in 11 plasmid R64 (above) and 12 plasmid R721 (below) are shown in a separate box. Segment A contains
partial open reading frames A and A’, etc. sfx repeats are represented by flags. Diagrams are based on information in previous publications and/or sequences
from INSDC accession numbers for prototype plasmids, as follows: C, and C,, references 181 and 193; Fll, accession number AP000342; |1, references 55 and
514; 12, reference 236 and accession number KP347127; 11 and 12 shufflons, reference 493; L/M, references 239, 245, and 515; N, reference 250 and accession
number AY046276; P, reference 260 and accession number U67194; W, reference 280 and accession number BR0O00038; X, reference 298; HI1, references 205,
208, and 211 and accession numbers AF250878 and AL513383; HI2, references 205 and 213 and accession number BX664015; Q-1, reference 307; and ColE1,
reference 311 and accession number JO1566.
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different sources (human, animal, and environmental) and associations with resistance
genes.

A/C plasmids. The main features of A/C plasmids were reviewed relatively recently
(181) and are thus summarized and updated here. IncC plasmids were first reported in
the 1960s, the compatible but related plasmid RA1 was then assigned to IncA, and
these groups were subsequently combined (181, 182). More recently, it was suggested
that A/C plasmids be divided into A/C, and A/C, groups due to differences in the repA
initiator gene target used for PBRT (184). The A/C, group, now equated with IncC (185),
was further split into type 1 (called C, here) and type 2 (C,) (186). Recently, RA1 (A) and
a C, plasmid were confirmed to be compatible but showed strong mutual entry
exclusion (although the determinant has not yet been identified) (182). The same paper
also recommends that the term IncA/C be avoided and suggests using “A/C,” “A-C
complex,” or “RepA/C” when the two types have not been distinguished, e.g., identified
by PBRT (182).

The backbones of RA1 (A), C,, and C, plasmids have similar organizations. tra genes
have been identified from homology to other systems and are not well studied (181).
mobl, located upstream of repA, is also essential for conjugative transfer (187), and
different conjugation frequencies have been reported for different A/C plasmids (181).
The master activator complex AcaCD, essential for conjugative transfer, binds upstream
of and positively regulates selected tra and other genes, and production of AcaCD itself
is controlled by acri- and acr2-encoded repressors (187). A/C plasmids can mobilize
Salmonella genomic islands (SGI), which carry A/C tra gene homologs, but simultaneous
transfer of both an A/C plasmid and an SGI appears to be rare (187).

The C, and G, types differ mainly in substitutions generating orf1832 versus orf1847
and rhs1 versus rhs2 (encoding Rhs proteins of unknown function and with different C
termini), respectively, and in two insertions (i1 and i2) in C, (Fig. 5) (181). Both C, and
C, lineages may carry an antibiotic resistance island (ARI-B) (181) derived from Glsul2
(Fig. 4E and see below), which targets a specific site in these plasmids, following
independent acquisition events (188). ARI-B regions mostly carry genes conferring
resistance to older antibiotics (sul2, strAB, tet, and/or floR) between 1S26 elements and
partial duplications of ISCR2 (181). Most sequenced C, plasmids also carry ARI-A,
apparently derived from a complex multitransposon insertion (21, 189). ARI-A is always
inserted in the same position upstream of rhs, flanked by the same TSD (unless part of
rhs has been deleted), and may carry blaypy and rmtC (190). C, plasmids may also have
an ISEcp1 TPU carrying blacyy., (or a minor variant) inserted just upstream of traC,
flanked by 5-bp TSD, or two copies of this TPU that may be rearranged (21). Resistance
regions in C, plasmids vary in organization and exact insertion points (although these
are still in the rhs region), indicating multiple acquisition events, and they may carry
different resistance genes, including blac (181). Until recently, RAT was the only
plasmid of the A type to be reported, but a few additional sequences are now available
(182).

PlasmidFinder (18-05-02 version) includes targets for A plasmids (reported as IncA/C)
and C plasmids (reported as IncA/C2) (170). An early PCR scheme amplifying 12 A/C
backbone regions was based on few plasmid sequences (191). Four genes (repA, parA, parB,
and “orf053") experimentally identified as being important for plasmid maintenance (and
with similar expression patterns [192]) are used in a pMLST scheme that distinguishes C,
and G, plasmids (193). A more recent PCR strategy discriminates C, and C, plasmids by
using amplicon sizes (using primers targeting orf1832/0rf1847, linking rhs1/rhs2 to the
adjacent sequence, and flanking i1 and i2) and detects the presence/absence of ARI-B (194).
Primers have also been designed to distinguish A and C plasmids (182). Phylogenetic
analysis of 28 genes fully conserved in 82 C, plasmids (including the four pMLST targets)
identified five groups, and these genes are used in a more comprehensive cgpMLST (193)
scheme available at https://pubmlst.org/plasmid/.

F plasmids. The F (“fertility factor”) plasmid was the first example of a conjugative
plasmid found in bacteria and is the basis of the designation IncF for plasmids with
common sensitivity to specific phages and serological cross-reactivity, reflecting a
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common conjugation system (MPF). This F-type mating apparatus may be associated
with different replicons, with incompatibility testing originally defining subgroups FI to
FVII (195). Combinations of three replicons (FIIA/FIC, FIA, and FIB) are commonly found
together in multireplicon plasmids, including the F plasmid. Expression of the Fll
initiator RepA1 requires translation of the RepA6 (TAP) leader peptide and is regulated
mainly by the countertranscript CopA (inc) RNA, but also by the transcriptional repres-
sor protein CopB (repA2) (146). The FIA RepE initiator is regulated by handcuffing, with
monomers bound to iterons on two different plasmids bridged by a dimer (148). In
addition to multiple replicons, many F plasmids also carry different partitioning and TA
systems and quite different sets of resistance and/or “virulence” genes, giving a diverse
group of mosaic plasmids.

The original PBRT scheme included FIA, FIB, and FIC primers and a general IncF
(Freps) primer pair as well as primers for Salmonella enterica pSLT-type virulence
plasmids (Fllg) (168). In addition to and probably partly as a consequence of having
multiple replicons, F-type plasmids are highly mosaic, with few components in com-
mon, precluding development of a pMLST scheme (149). Additional/updated replicon
primers were included in a replicon typing scheme (RST) based on diversity in the
replicon regions (149). This scheme distinguishes Fll replicons commonly found in E. coli
(FIl), Klebsiella (Fll,), Salmonella (Fllg), and Yersinia (Fll,) and uses a FAB formula
(FILFIA:FIB, e.g., F1:A2:B2). PlasmidFinder includes targets for FIA and FIC(FIl) from
plasmid F, plus different FIB and Fll types, generally differentiated by plasmid names
(rather than FAB numbers).

The functions of the proteins encoded by the ~40-kb tra operon involved in
formation of the F-type pilus have been well studied (196, 197). Analysis of available F
conjugation regions identified five major groups, apparently all derived from a com-
mon ancestral system (MPF.) (157). Groups correlate strongly with bacterial host
species, suggesting different adaptations, with four groups relevant to the Enterobac-
teriaceae (195). Group A includes most plasmids typeable by RST and currently has the
most members (but this may be due at least partly to sequencing bias). This is the only
group to have an easily identifiable finOP system (fertility inhibition FinO protein and
finP antisense RNA) that regulates tra expression and conjugation (198). Group C
plasmids appear to be rarer and are similar to plasmids originally defined as FV, which
have a distinctive regulatory system. Group D plasmids, with differences from group A
in their operon structures and regulatory genes, are mainly associated with Enterobac-
ter. Group B includes plasmids from Yersinia and also a few from other species carrying
blaypn (PKOX_NDM1 and pRJF866 [195]), all defined as Fll, by RST.

F plasmids were among the earliest to be associated with antibiotic resistance and
appear to be the most abundant plasmid type found in Enterobacteriaceae (199). The
classical Fll plasmid R100 (also called NR1; isolated from Shigella flexneri in Japan in the
1950s) carries a class 1 In/Tn (In2) inside Tn27 (Fig. 3), itself inside an IS7T-mediated
composite Tn carrying catA1 (chloramphenicol resistance gene), with the whole struc-
ture called Tn2670 (81). Some contemporary F plasmids appear to carry a resistance
region derived from this structure (200). F plasmids often carry a blacy.y gene (201),
especially blacry .15 (or increasingly blacry_am-27) in E. coli ST131, with these plasmids
likely contributing to the success of this ST (202). Fll, plasmids are associated with
bla,pc in ST258 (203) and other sequence types, and IncFll, plasmids may carry blaypm
(64). F plasmids carrying mcr-1 have also been reported (204).

HI plasmids. HI plasmids encode serologically related pili similar to the F pilus, are
larger than most of the other conjugative plasmids discussed here, and may encode
heavy metal, phage, and/or colicin resistance in addition to antibiotic resistance (205).
DNA hybridization, restriction analysis, and incompatibility testing resulted in division
into HI1, HI2, and HI3 groups, but only one HI3 (heavy metal resistance) plasmid (206)
seems to have been found, and the sequence is not available. HIT (archetype R27;
isolated from S. enterica serovar Typhimurium in the United Kingdom in 1961) (207) and
HI2 (archetype R478; isolated from Serratia marcescens in the United States in 1969)
(205) both have multiple replicons, with a common RepHI1A replicon responsible for
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incompatibility. RepHITB is unique to HI1 plasmids, which also have a RepFlA-like
replicon (flanked by two copies of IS7 [208]) that confers one-way incompatibility with
F plasmids. RepHI2 is unique to HI2 plasmids.

HI1 and HI2 plasmids have similar backbone organizations, with higher identities
between equivalent proteins that are essential (205). Conjugation genes are in two
separate regions: Tral (or Trh1; carries oriT and genes encoding the relaxosome and
some MPF components) and Tra2 (Trh2; encodes most MPF proteins). The MPF system
is related to that of F plasmids, while the relaxosome and pilin genes are more closely
related to those of P plasmids. Optimal pilus synthesis occurs at 22 to 30°C, and
although the pili remain stable at 37°C, formation of mating aggregates is inhibited
(209). This thermosensitive conjugation may contribute to spread in the environment
(209).

HIT plasmids are mostly found in Salmonella but can also be found in E. coli (210).
An analysis of available sequences led to a six-locus pMLST scheme and identified
regions of difference (A to E) (Fig. 5) suggesting two different lineages (211), later called
type 1 and type 2 (208). Another analysis suggested a slightly different classification
(212). For HI2 plasmids, a two-locus typing scheme (open reading frames [ORFs]
smr0018 and smr0799) was proposed, and primers to detect the presence/absence of
three additional genes were also used (213). Fourteen and 12 ST have been assigned
so far (as of May 2018) for HIT and HI2 plasmids, respectively.

Additional groups of Hl-like plasmids have now also been identified. pPNDM-MAR
encodes RepHI1B-like and RepFIB-like proteins (214), while pNDM-CIT encodes two
different Rep proteins corresponding to RepHI1A and RepHI1B but only ~92% identical
in each case (215). A phylogenetic tree derived from a concatenated core (mostly rep
and trh regions) for available HI plasmids gave four groups (215). These correspond to
groups HI1, HI2, HI3 (different from the original HI3 group; includes pNDM-MAR), and
HI4 (includes pNDM-CIT) defined in a recent paper, apparently from analysis of only tral
and trhC, which also identified an HI5 group (216). The original PBRT scheme included
primers differentiating HI1 and HI2, and primers to detect pPNDM-MAR-like (214) and
pNDM-CIT-like (215) plasmids have been added. PlasmidFinder (18-05-02 version)
includes three targets for RepHITA, two for RepHI1B, and a single target for each of
RepHI2 and the FIA-like rep found in HI1 plasmids, as detailed in the original paper
(170), plus an additional [IncFIB(Mar)] target for pNDM-MAR.

Various resistance genes have been identified on HI plasmids, including bla,,» and
blacry.m on HI2 (201). At least one plasmid in each of the HI3 to HI5 groups carries
blaypm.1- More recently, mcr-1 was identified on different HI1 plasmids (217, 218), and
mcr-1 (219) and mcr-3 (220) on HI2 plasmids, all in E. coli.

I-complex plasmids. Plasmids classified as Inc types 11 (la), Iy, B/O, K, and Z were
grouped into the | complex due to the similar serologies and morphologies of their pili.
Replication (copy number) of these I-complex plasmids is regulated by an antisense inc
RNA (also called rnal) that inhibits translation of repA mRNA (also called repZ), encoding
the RepA initiator protein. Translation of RepA requires translation of the upstream and
overlapping repB gene (also called repY), encoding a short peptide, and formation of a
pseudoknot secondary structure (146, 221). Incompatibility results from the interaction
between inc RNA and a stem-loop (SL1) formed from the repAB mRNA. Plasmids classed
as types B and Z are actually incompatible, suggesting that stable hybrid inhibitory
complexes are formed (221).

The original PBRT scheme includes primers in and upstream of inc that detect both
1T and Iy replicons (11 FW/RV primers). K/B FW PBRT primers were stated to detect both
K and B/O plasmids when paired with a KRV primer and B/O plasmids only when paired
with a B/O RV primer (168). B/O primers were found to detect Z but to miss some
I-complex plasmids, and different inc sequences were identified among plasmids
classed in the Z group (222). Division of K plasmids into compatible K1 and K2 lineages
was also proposed recently (223, 224), with new primers in inc and repB to detect and
distinguish them (223). PlasmidFinder (18-05-02 version) includes one I1 target se-
quence and four sequences to cover B/O, K, and Z plasmids, all reported as "B/O/K/Z.”
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A pMLST scheme for 11 plasmids (225) uses five targets (Fig. 5) with 14 to 47 alleles,
and nearly 300 pMLST profiles have been identified (as of May 2018; https://pubmist
.org/bigsdb?db=pubmlst_plasmid_seqdef), indicating extensive variation. Two main
types of repA gene, namely, repAg,, found in plasmids classed as B/O, I (99% identical),
and K (and ly; 92% identical), and repA, (~50% identical to repAg,,), found in plasmids
classed as Z, were also distinguished, and primers were designed for each type (222).
Sequence comparisons indicate that repA of plasmids classed as K2 is more like repA,
(95% identical) and should be detected by the repA, primers (there is one mismatch in
the 3’ end of the reverse primer). Classification within the | complex may need to be
revisited given that the effects of minor changes in inc and/or SL1 on incompatibility
are not really known and that different inc types are apparently associated with the
same repA type, and vice versa.

I-complex plasmids generate both a thick pilus (tra genes) for DNA transfer and a
thin pilus (pil genes) that appears to stabilize the mating apparatus in liquid media but
not on solid surfaces (226). A shufflon site-specific recombination system, consisting of
rci (encoding a recombinase) and an adjacent region where 19-bp sfx repeat sequences
separate segments containing partial reading frames, is present in I1, Iy, and some
other I-complex plasmids. This region overlaps pilV, encoding the tip adhesin of the thin
pilus, and Rci-mediated recombination between sfx repeats causes rearrangements/
deletions that create PilV variants with different C termini. This is reported to result in
different conjugation efficiencies and biofilm and/or adherence properties (227).

The shufflons of archetypal plasmids R64 (1) (227) and R621a (ly) (228) both have
four segments separated by seven shf repeats. Segments denoted A, B, and C each
contain two oppositely oriented partial reading frames that can form the 3’ end of pilV,
while segment D has only one (Fig. 5). The K1 plasmid pCT has three segments flanked
by six shf repeats, while up to eight shf repeats were reported for sequenced K2
plasmids (224), separating four segments. Comparison of the segments in K plasmids
reveals one common to K1 and K2 plasmids, part of which is related to the 11 A
segment, one related segment (~85% identical) also related (80%/77% identical) to the
I1 C segment, and a third common segment (~74% identical) that matches parts of the
IT B and D segments. Available B-type plasmids appear to have a single shf repeat
adjacent to part of the |11 C-like segment in K plasmids and no rci gene, giving only one
PilV variant. Two related, sequenced plasmids typed as Z have one shufflon segment
related to parts of the 11 B and C segments, flanked by three shf repeats (229).

Most examples of 11 plasmids are from E. coli or Salmonella, and many carry
resistance genes, commonly blacy,,_, and variants, blacry_.1s, OF blacrym.: (Mainly in
animals) (230). Insertions tend to be in the same region of the plasmid, between a patch
of genes of unknown function and stability genes (230) (Fig. 5). K1 plasmids from
various locations carry blacry.m.14 (231), and available K2 plasmids carry blacyy., or its
variants (223, 224) or mcr-1 (232). B/O replicons have been detected by PCR in isolates
carrying resistance genes, but at least some may correspond to Z-type plasmids (222),
and few fully sequenced B plasmids seem to be available. Reported Z plasmids carry
“older” resistance genes (222, 229).

12 plasmids. 12 (originally 18) plasmids have many features in common with the
I-complex plasmids, including encoding thick and thin pili and possessing a shufflon,
but the organization and sequences are different (Fig. 5). The archetypal 12 plasmid
R721 (INSDC accession number AP002527) has three shufflon segments: A and C,
equivalent to those of 11, and BD, the two ends of which are homologous to B and D
of R64 (233) (Fig. 5). Some recently identified 12 plasmids have an additional segment
(e.g., INSDC accession number KY795978, with the suggested designation “E”), and 12
shufflons seem to be actively rearranging (234).

12 primers were not included in the original PBRT scheme, so this plasmid type
was somewhat neglected until recent examples carrying blacry. genes, including
blacry-m-1/0,1 ybrids, were identified (235, 236). bla,pc in K. pneumoniae ST258 clade b
(also called clade 2 or Il) may be carried on an 12 plasmid (203). More recently, 12
plasmids have received attention as the vehicle of the first mcr-1 gene identified (40),

October 2018 Volume 31 Issue 4 e00088-17

Clinical Microbiology Reviews

cmr.asm.org 28


https://pubmlst.org/bigsdb?db=pubmlst_plasmid_seqdef
https://pubmlst.org/bigsdb?db=pubmlst_plasmid_seqdef
https://www.ncbi.nlm.nih.gov/nuccore/AP002527
https://www.ncbi.nlm.nih.gov/nuccore/KY795978
http://cmr.asm.org

Mobile Genetic Elements and Antimicrobial Resistance

with some carrying both a blacy.\ gene and mcr-1. Different lineages of 12 plasmids
were proposed based on a limited number of sequences (235), and mcr-1 genes have
been found on at least two distinct 12 plasmid types (237). Preliminary analysis of over
100 12 plasmid sequences now available suggests that these two types dominate
among plasmids carrying an mcr-1 gene, that different resistance genes are carried by
different 12 lineages, and that there may be extensive recombination in 12 backbones
(S. R. Partridge, N. L. Ben Zakour, M. Kamruzzaman, and J. R. Iredell, unpublished data).

L/M plasmids. Known L/M plasmids associated with resistance genes have a con-
served backbone organization. The replication region consists of repA (initiation protein
gene), repB, and repC genes regulated by inc antisense RNA, similar to that of I-complex
plasmids (146, 238). The conjugation genes of L/M plasmids are split between a larger
tra region and a smaller trb region and are also related to those of | plasmids (239).

After initially being defined as two separate groups (240), IncL and IncM were
subsequently merged (241), but division into L, M1, and M2 groups was suggested
recently, based on differences in inc, relaxase (traX), and entry exclusion genes (tray,
excA) (242). Similar groups were also identified using a core genome of 20 genes in 20
available sequences (243). L and M plasmids can be distinguished using additional PBRT
primers (242), while PlasmidFinder (18-05-02 version) has three targets for these
plasmids (170), reported as IncL/M(pOXA-48), corresponding to L; IncL/M(pMU407),
corresponding to M1; and IncL/M, corresponding to M2.

Although these plasmids are reported to have a broad host range, BLAST searches
with L or M replicons reveal that almost all fully assembled plasmids are from Entero-
bacteriaceae. Most sequenced L plasmids are closely related and have variants of
Tn1999, carrying a blagya 4s-like gene, inserted into the tir (transfer inhibition) gene,
resulting in a higher conjugation frequency (244). M2 plasmids often carry ISEcpi-
blacrym5 (239) and/or clinically important genes, including armA, blaypm, or blae_a
within variants of the same Tn2-derived resistance region (245), while M1 plasmids
carrying blaypc, blas,,, (ESBL), or bla.qy (ampC) genes have been reported (242).

N plasmids. N plasmids are relatively small conjugative plasmids. The N conjugation
region is split into two parts, one encoding entry exclusion functions and pilus
components and the other carrying oriT and some tra genes. These are separated by
fipA, encoding a fertility inhibition protein that inhibits conjugation of coresident IncP1
plasmids by interacting with IncP1 TraG (246), and nuc, encoding a nuclease. Part of the
N backbone is occupied by the conserved upstream repeat (CUP)-controlled regulon.
The archetypal IncN plasmid R46 has six CUPs, which contain a strong promoter,
separating several ccg (CUP-controlled genes), ard (antirestriction/regulatory genes),
and other genes. Some N plasmids have fewer CUP repeats and only subsets of these
genes, which may be explained by recombination between repeats (247).

Backbones of reported N plasmids appear to be well conserved. A pMLST scheme
includes only three targets (248), and 20 ST are listed on the pMLST website (May 2018).
Insertions are commonly a class 1 In/Tn (res site hunter) upstream of resP (resolvase)
and/or other insertions in/close to fipA (such insertions may have a beneficial effect
[249]). Genes including blaypc, bla,e, and blacy .y, have been identified on N plasmids
(201).

Plasmids related to the original N type (now called N1) have also been identified.
Those designated N2 (249) have closely related backbones that share a similar orga-
nization, but limited nucleotide sequence identity, with N1 plasmids, with a different
rep region (249, 250). Known examples carry blaypy, (249), blacry v, (250), or various
bla,» genes (251) in insertions near fipA. The prototype N3 plasmid (note that a
plasmid called N3 [252] is an N1 plasmid) has a backbone with an organization similar
to that of the N2 backbone and encodes a RepA initiator ~80% identical to N2 RepA
(253). A recent paper identified two other N3 plasmids and placed a fourth in a separate
group, called IncN3, even though it encodes a distinct RepA initiator (254). Plasmid-
Finder (18-05-02 version) includes one target for N1 and one called N2 (170), but an
additional target named N3 appears to detect some plasmids classed as N2 plasmids.
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P/P-1 plasmids. Plasmids called IncP in Enterobacteriaceae and IncP-1 in Pseudomo-
nas were originally discovered in clinical isolates in the late 1960s (255). Representatives
of the Pa (e.g., RP4/RK2 [256]) and PB (e.g., R751 [257]) subgroups have been well
studied. The replication protein is encoded by trfA, and replication is controlled by a
handcuffing mechanism similar to that for RepFIA (148). P plasmids have two conju-
gation regions: tra and trb. P plasmids are among the most stably maintained plasmids
due to tight regulation of replication, conjugation, and maintenance by a central
control region. IncC and KorB are partitioning proteins, but KorB also regulates gene
expression, potentiated by IncC and in conjunction with KorA (139, 255). The broad
host range of P plasmids may be due to a combination of accommodating differences
in host factors needed for replication, the MPF apparatus being able to successfully
interact with different cell types, and a lack of restriction sites (258). P plasmids can
mobilize IncQ plasmids into Gram-positive bacteria.

The original PBRT primers detect Pa plasmids only, but P plasmids have now been
divided into at least eight named clades, i.e., «, B1, B2, v, 8, &, £ (259), and m (260), plus
an unnamed clade from Neisseria (261) and a recently proposed new clade (262). About
three quarters of backbone genes are shared by these clades, and hybrid plasmids have
been found but generally have components from within the same clade (259, 260).
Insertions tend to occur between ori and trfA and between the tra and trb operons, and
many P plasmids carry antibiotic resistance genes (263). These do not generally confer
resistance to the most clinically important antibiotics, although plasmids from the
newest clade carry mcr-1 genes (262, 264). PlasmidFinder (18-05-02 version) includes
targets for Pe, PB1, and the P plasmid carrying mcr-1, all reported as “IncP1.”

R plasmids. The designation IncR was first given to pK245, carrying gnrS1, and
primers to detect the repB gene of pK245 were published (265). PlasmidFinder (18-
05-02 version) includes the PBRT amplicon from pK245 repB as the only IncR target
(170). pK245 has two additional rep genes, named repE and repA (266). Plasmids with
the R repB gene alone are apparently nonconjugative, lacking tra genes, and no
relaxase gene has been identified (267). This may explain why complete plasmid
sequences with R repB often have an additional replicon including Fll, A/C, or untyped
rep genes (267, 268). The original report of pK245 (266) also noted that repB is closely
related to the B replicon of pGSH500 (isolated from K. pneumoniae in/prior to 1991),
which also carries an Fll-like (@) replicon (269). Given these considerations, it is not clear
that plasmids that carry this type of replicon should really be considered a separate
group. Plasmids with R repB have mostly been reported from K. pneumoniae, but also
from Enterobacter cloacae and E. coli, carrying genes including blaypy, (sometimes with
a 16S rRNA methylase gene [e.g., see reference 270]), blaypc, blay, and blacryms
(201).

T plasmids. The prototype IncT plasmid is Rts1, isolated from Proteus vulgaris. Rts1
replication (repA) and partitioning genes are most related to the Y plasmid P1 (see
below), but replication is inhibited at 42°C. Conjugation genes are found in two clusters
and encode proteins most related to those expressed from F and HI1 plasmids (271).
Conjugation was reported to be efficient at 25°C but not at 37°C, but it was found later
that this applies to liquid but not solid mating and may not be the same for all T
plasmids (272). The higAB TA system causes temperature-sensitive postsegregational
killing at 42°C (271). Rts1 may also be atypical, in that it contains two copies of an
~50-kb region that share the same gene organization but limited identity (271).

Primers in repA of Rts1 were part of the original PBRT primer set, and PlasmidFinder
(18-05-02 version) includes the amplicon sequence from Rts1 as the IncT target (170).
Few T plasmids have been reported recently, but they were associated with blacry -
in Proteus mirabilis strains from Japan by PBRT (273), and the complete sequence of a
plasmid from Providencia rettgeri with a T repA gene and carrying blaypw.; is available
(274). A T-type plasmid carrying blagya.,51 from Citrobacter freundii (but with a partially
truncated tra region) (253) has also been reported, but searches of GenBank, including
the WGS database (May 2018), did not identify the T-like repA gene in any of the species
of particular interest here.
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U and G/P-6 plasmids. The IncG (E. coli)/IncP-6 (P. aeruginosa) and IncU groups were
assigned in the early 1980s. It was suggested that these groups could be merged, since
IncP-6 iterons cloned in high copy number gave strong incompatibility with IncU and
the replicons of the two groups are related (275), but MOB typing places them in
different clades (Table 6) (174). Known U plasmids are mostly associated with environ-
mental isolates and Aeromonas spp.

Rms149, the archetypal G plasmid, consists of a small backbone which appears to be
made up of modules related to those found in different plasmid types, with multiple
insertions that occupy about 80% of the sequence (276). It has characteristics of both
smaller, mobilizable plasmids and larger, low-copy-number plasmids. IncU plasmids
were not included in the original PBRT scheme, but primers for the repA gene were
added later (265). The single PlasmidFinder (18-05-02 version) IncU target corresponds
to the PBRT amplicon, and an IncP-6 target is also included (170). bla,pc has been
reported to be present on P-6 plasmids smaller than Rms149 in P. aeruginosa and on
a U plasmid that appears to lack mobilization genes (277, 278).

W plasmids. The first IncW plasmid, pSa from Shigella, was described by T. Watanabe
(hence IncW) in the late 1960s, and this group was reviewed relatively recently (279,
280). W plasmids are the smallest conjugative plasmids found in the Enterobacteriaceae,
and most of the few available sequenced examples show a conserved backbone
consisting of typical plasmid modules with different insertions (279, 280). W plasmids
include a master regulation system similar to that of P plasmids (281). A new IncWp
group was recently suggested for a related plasmid, but it has a different replication
module (254).

The original PBRT scheme includes primers to detect W plasmids, and the single
IncW target in PlasmidFinder (18-05-02 version) corresponds to the amplicon produced
(170). Three W plasmids identified some time ago (280), plus one carrying bla,p_,
reported more recently (282), have a truncated class 1 In/Tn in the same position,
suggesting a single insertion (280). The integron in pSa is one of the earliest examples
to carry ISCR1 (57). There are reports of detection (by PCR) of W plasmids carrying
related cassette arrays containing blay,.,,, (283, 284) or blaypc (285) in Tn4401, but
sequences are not available.

X plasmids. X plasmids were originally divided into X1 (e.g., R485) and X2 groups,
typified by R6K, which has been well studied and whose sequence was reported
recently (286). The 7 replication protein is encoded by pir (protein for initiation of
replication), and X plasmids have three ori regions: vy (part of the minimal replicon), «,
and 3 (287). Replication is regulated by handcuffing mediated by 7 dimers coupling
two oriy regions (148, 287). The conjugation region consists of genes for pilus synthesis
and assembly (originally named pilX7 to -17 but renamed tivBT to -17) plus taxC/rixX
(relaxase gene), taxB/cplX (coupling protein gene), and taxA/dtrX1 (auxiliary relaxosome
protein gene) (286). Various other genes are conserved across the backbones of X
plasmids, and the TA systems that they carry were surveyed recently (288).

X2 replicon primers were included in the original PBRT scheme (168), and then
primers for taxC/rlxX1 were added for X1, X2, and the new X3 and X4 types (289). X5
(290) and X6 (291) types were proposed based on variation in taxC/rlxX1, but Plasmid-
Finder initially defined different X5 and X6 types based on pir (288). These have now
been redesignated X7 and X8, respectively, and PlasmidFinder (18-05-02 version)
includes multiple targets for some X plasmid types (four for X1 and two each for X3 to
X5), but all are reported as IncX1, IncX4, etc. [except for IncX3(pEC14)] (170). An X3/X4
hybrid plasmid, apparently generated by formation and resolution of an X3-X4 cointe-
grate (292), and an X1/X2 hybrid (293) have also been identified.

X1 plasmids may carry ogxAB, encoding an efflux pump (289). X2 plasmids have
been reported only rarely, but they may carry gnr genes (294). blagya.1s: (295) and
blag, .15, alone or with a blaypp_s-like variant (296) or with blay, (297), have been seen
on X3 plasmids. Different blacry_,, genes are carried on related X4 plasmids (298, 299),
almost identical X4 plasmids carry mcr-1 or variants (300), a different X4 plasmid carries
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mcr-2 (301), and the X3/X4 hybrid carries blaypm.s and mcer-1 (292). Known X5 and X6
plasmids carry a bla,c gene (290, 291).

Y plasmids. The Y group of plasmids corresponds to the prophage form of gener-
alized transducing phages related to the P1 phage, which infects and lysogenizes E. coli
and some other Enterobacteriaceae. P1 exists stably as a low-copy-number plasmid that
replicates independently rather than integrating into the host chromosome and can
transfer between bacterial cells as virus particles whose production it encodes. P1
replication is regulated by a handcuffing mechanism (148), and the partitioning,
maintenance, and other systems have been well studied (302, 303).

The PBRT amplicon and the PlasmidFinder target (170) correspond to the same
internal fragment of P1 repA, and detection of Y plasmids by PBRT has been reported
for isolates carrying a few different resistance genes. A few plasmids with this replicon
have been sequenced fully, including one that also includes F components and carries
blacry.m15 (304), one carrying mcr-1 (305), and a multireplicon plasmid carrying mcr-1
and other resistance genes (306).

Q plasmids. IncQ plasmids are small and mobilizable, and their properties are
covered in several reviews (307-309). In addition to repC (initiator protein gene), Q
plasmids carry their own repA (helicase gene) and repB (primase gene; fused to the
mobA relaxase gene) genes, giving them a broad host range, as they are not dependent
on the host bacterium for these functions (308). Q plasmids have been split into groups
Q1 to Q4, based on differences in Rep proteins and association with different lineages
of mobilization proteins (307). Q1 plasmids carry mainly genes conferring resistance to
“older” antibiotics, but one encodes GES-5 (a carbapenemase). Q3 plasmids carrying
blages., (ESBL gene) and gnrS2 (low-level quinolone resistance gene) have been iden-
tified (307). Q plasmids often lack MGE normally associated with the resistance genes
that they carry. These may have been lost after depositing their load to minimize
plasmid size, which may be limited by the strand-displacement replication mechanism
used (307).

Q plasmids were not included in the original PBRT scheme, but PlasmidFinder
(18-05-02 version) includes IncQ1 and IncQ2 targets. A fragment of the archetypal Q1
plasmid, RSF1010, including repC and part of repA, is found in resistance regions on
many large plasmids (21) as part of a rearranged, 1S26-flanked region known as Tn6029
(310). The original PlasmidFinder IncQ1 target corresponded to only part of the Q
replicon and lay wholly within Tn6029. It was recently replaced (in the PlasmidFinder
update of 28 November 2017) by an expanded target that covers the start of repA and
the adjacent region, with a match over the whole length (796 bp) suggesting a separate
Q plasmid and shorter matches indicating truncated copies (e.g., 529 bp in Tn6029).

ColE1 and related plasmids. ColE1 is a small plasmid that encodes colicin E1 (cea)
and colicin immunity (imm). Replication requires a plasmid-encoded RNA primer, RNAII,
rather than a replication protein. Replication and copy number are controlled by the
rate of binding of antisense RNAI to RNAII, which prevents correct folding and thus
primer formation. This interaction is also modulated by Rom (RNA one inhibition
modulator; also called Rop, for repressor of primer), a small protein that stabilizes the
RNAI-RNAII complex (146). ColE1 can be mobilized by different conjugative plasmids
(including I1, F, P, and W plasmids) and requires oriT, mbeA (encoding the relaxase), and
mbeBCD, while mbeE is not essential (311). ColE1 also carries a cer site for conversion of
plasmid dimers to monomers by site-specific recombination catalyzed by host-encoded
XerCD.

PlasmidFinder includes targets to detect ColE1-type plasmids (but the closest to
ColE1 itself is <90% identical), and most of the targets with names starting with “Col”
correspond to small plasmids that have a repA gene (170). gnrB19 has been detected in
ColE1-like plasmids of two types, which appear to differ due to Xer-mediated events,
and ISEcpT may have been lost following insertion of gnrB19 (312). Tn1337 (Fig. 3) was
originally identified in pJHCMW1 from K. pneumoniae, which replicates by a mechanism
similar to that for ColET but lacks a rom equivalent and includes active (mrw) and
defective (dxs) Xer-specific recombination sites (72). Plasmids related to ColET and
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carrying a colicin gene appear to be common in K. pneumoniae isolates (313), including
ST258 isolates (203), and may carry a Tn1337 derivative and, in some cases, Tn4401 and
blaec (314).

Other small plasmids with a ColE1-type replication system were recently recognized
as having I1-like oriT and nikA (encoding relaxase accessory factor [RAF]) (166), but they
lack an equivalent of the 11 nikB relaxase gene (165). One example (NTP16) was
previously shown to be mobilizable by 11 plasmid R64 (315), similar to relaxase-in-trans
mobilization demonstrated for plasmids with oriT only (165). NTP16-like plasmids have
been identified in different locations and from a few different species (including E. coli
ST131) from as early as the 1970s (165). XerCD-mediated recombination at the cer-like
nmr recombination site may explain their different accessory regions (165). Several of
these plasmids carry Tn2 or a modified version with a blag,, gene, in one case an ESBL
variant (165).

Resistance Plasmids in P. aeruginosa

Many resistance genes in P. aeruginosa are found on various resistance islands (see
below) rather than on plasmids, and little information is available about the normal
plasmid content of P. aeruginosa strains. Unlike the P/P-1 and G/P-6 types mentioned
above, many plasmids from Pseudomonas spp. were not readily transferable to E. coli
(narrow host range) and were classified using a separate incompatibility typing system
(IncP-1 to IncP-13) (see the references in reference 316). These Inc types are found in
various Pseudomonas species and are common in the environment, but many do not
carry resistance genes. Relatively few resistance plasmids from P. geruginosa have been
sequenced, with a 2015 in silico study retrieving only 10 P. aeruginosa plasmids from
GenBank, six of which were classified as IncP-1, IncP-2, or IncP-6 (138). Recently, more
plasmids from P. aeruginosa, particularly from carbapenem-resistant isolates, have
become available. These mostly carry cassette-borne carbapenemase genes found in
class 1 In/Tn inserted into Tn27 subfamily transposons that may differ from those
commonly found in plasmids in Enterobacteriaceae.

IncP-2. Historically, IncP-2 plasmids were the most common transferable plasmids in
P. aeruginosa (317). The examples identified were very large and typically encoded
tellurite resistance in addition to antibiotic resistance (317). Several large (~300 to 500
kb), related IncP-2 plasmids from P. aeruginosa, carrying cassette-borne carbapenemase
genes (including bla,yp_o, its variant bla,ype_ss, Or blay.5) in class 1 In/Tn with different
structures and with identifiable replication, maintenance, and conjugation functions,
have been sequenced (316, 318, 319).

P. aeruginosa plasmids carrying carbapenemase genes. A large plasmid carrying
the rare blag,,., gene cassette in a class 1 In/Tn (320) and a smaller plasmid carrying
blaypc.,, different from the P-6/U plasmids with bla,,- mentioned above (321), were
both sequenced recently. A group of related plasmids that carry a cassette-borne
blay,., or blay,,, carbapenemase gene in different class 1 In/Tn structures were
sequenced (318, 322-324). They are also related to TNCP23, a region carrying a class 1
integron bounded by two copies of 1S6700 (IS6 family) that seems to correspond to a
plasmid inserted into the larger plasmid pKLC102, which is itself known to integrate as
a genomic island (see below) (325). Other, unrelated plasmids carry bla,,,., (duplicate
copies giving high-level carbapenem resistance) (323), bla,,\.» (326), or blay,,., (327).

Resistance Plasmids in A. baumannii

Plasmids found in A. baumannii are also less well studied than those in the
Enterobacteriaceae, and as observed for P. aeruginosa, many resistance genes have been
found on resistance islands (see above and Fig. 4). A PBRT scheme (AB-PBRT) with 19
types (GR1 to -19) has been proposed, based on 18 plasmid sequences available at the
time (328), but there does not appear to be an associated Web resource, and these
plasmids are not included in PlasmidFinder. An additional group, GR20, was recently
proposed (329). Prior to the development of this PBRT scheme, no extensive surveys of
the normal plasmid content of A. baumannii had been published (330), although
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plasmid typing had been used as part of epidemiological studies of resistant A.
baumannii strains (331). A study of 96 isolates from various sources, using the AB-PBRT
scheme, identified one to four plasmid types per isolate, mainly associated with blagy,
carbapenemase genes, most of which were nontransferable (330). An in silico study
using the PBRT scheme identified at least one member of the GR1 to -19 group in 77%
of the 70 A. baumannii plasmids obtained from GenBank, mostly GR10 plus GR2 and
GR6 plasmids (138), but this is likely to be a biased set.

Most small plasmids in A. baumannii encode replicase proteins belonging to the
Rep_3 superfamily (328, 329). Partitioning and TA systems have been identified, as well
as a relaxase gene in many. pRAY-like plasmids (~6 kb) have mobA (MOB,,,) and mobC
genes, but a rep gene has not been identified. They carry the aadB gene cassette
(encoding gentamicin and tobramycin resistance) outside an integron, in a secondary
site, and are widely distributed (329, 332). A few larger, conjugative plasmids have been
identified in A. baumannii. Closely related RepAci6 plasmids pAb-G7-2 (333) and
PACICU2 (334) carry aphA6 (encoding kanamycin and amikacin resistance) in TnaphA6
(Table 1). Another RepAci6 plasmid carries blagya_»3 in TN2006, inserted into AbaR4
(Table 1 and Fig. 4) (335). Plasmids related to pNDM-BJO1, which are not classified by
AB-PBRT (336), carry blaypym.; in Tn125 (Table 1), with aphA6 and ISAba4 regions
upstream, and have been identified in A. baumannii and other Acinetobacter spp. but
also in Enterobacter aerogenes (337).

Resistance Plasmids in Staphylococci

Clinical strains of staphylococci frequently harbor one or more plasmids that confer
resistance to various classes of antibiotics, heavy metal ions, and/or antiseptics and
disinfectants (15, 338, 339). Historically, the following three broad classes of staphylo-
coccal resistance plasmids have been recognized: (i) small plasmids (<1 to 10 kb) that
replicate by an asymmetric rolling-circle (RC) mechanism; (ii) multiresistance plasmids
(>15 kb); and (iii) larger, conjugative multiresistance plasmids (15, 17, 18, 339).

RC-replicating plasmids. Staphylococcal plasmids smaller than 10 kb usually em-
ploy an RC replication mechanism. They most often encode a single resistance deter-
minant and are multicopy (10 to 60 copies per cell) (340). Four families of staphylo-
coccal RC-replicating plasmids have been described and are exemplified by the
tetracycline resistance plasmid pT181 [tet(K)] (341), the chloramphenicol resistance
plasmid pC194 (cat) (342), the erythromycin resistance plasmid pE194 [erm(C)] (343),
and the cryptic plasmid pSN2 (17, 344). Each of these plasmid families utilizes an
evolutionarily distinct Rep protein, and these proteins are differentiated by the pres-
ence of conserved domains (Rep_trans, Rep_1, Rep_2, and ReplL, respectively).

While RC plasmids are grouped according to the replication systems they carry,
plasmids across the groups often share highly similar DNA segments that can carry
resistance genes and/or mobilization functions. Thus, RC plasmids are considered
mosaic structures composed of interchangeable functional modules (17, 345). In addi-
tion to the resistances described above, RC plasmids that confer resistance to strepto-
mycin (str) (346), lincomycin [linA; now called Inu(A)] (347), fosfomycin (fosB) (348),
quaternary ammonium compounds (gacC and smr) (349), aminoglycosides (aadD), or
bleomycin (ble) (350) are known. Some RC plasmids, such as pC221 of the pT181 family,
contain a mobCAB operon and oriT (nicked by the MobA relaxase) that can facilitate
their mobilization by a coresident conjugative plasmid (351, 352). Likewise, other RC
plasmids, including pT181, possess a pre gene and an RS, site, originally identified as
a site-specific recombination function (353), which are now known to represent a
distinct mobilization system homologous to the well-studied mobM relaxase/oriT sys-
tem of the streptococcal plasmid pMV158 (354-356).

Multiresistance plasmids. Staphylococcal multiresistance plasmids utilize theta rep-
lication and are maintained at approximately 5 copies per cell (357). Two groups of
multiresistance plasmids have previously been described based on structural and
function characteristics: the B-lactamase/heavy metal resistance plasmids (e.g., pl258)
and a family of plasmids related to the prototype pSK1 (Fig. 6) (15, 358, 359). However,
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FIG 6 S. aureus multiresistance plasmids. Representative multiresistance plasmids (pl258, pSK1, and pUSA300-HOU-MR) and pSK41-, pWBG749-,
and pWBG4-family conjugative multiresistance plasmids (pLW1043, pBRZ01, and pWBG4, respectively) are shown (15, 104, 359, 384, 390, 398, 505,
516). IS, transposons, cointegrated plasmids, and resistance genes are shown, with resistances conferred by the latter listed in Table 2 or as follows:
arsBC, arsenic resistance; bcrAB, bacitracin resistance; cadA and cadD, cadmium resistance; merAB, mercury resistance; msrA and mphC, macrolide
resistance; and gacA, antiseptic/disinfectant resistance. The following plasmid maintenance genes/systems are also shown: par, novel partitioning
system; parAB, type | partitioning system; parMR, type Il partitioning system; rep, initiation of replication; res and sin, multimer resolution; TA,
Fts-like toxin-antitoxin system. The conjugation-associated genes of pLW1043, pBRZ01, and pWBG4 are denoted tra, smp, and det, respectively.

it is now clear that these groupings do not encompass the diversity/heterogeneity of
multiresistance plasmids revealed through large-scale sequencing (338). In multiresis-
tance plasmids, resistance genes are often interspersed with IS (most commonly 1S257)
and/or located within transposons or transposon-like elements, such as Tn557, Tn552
(Table 5), Tn4001, or Tn4003 (Table 2), conferring resistance to macrolide-lincosamide-
streptogramin B (MLS) antibiotics (360), penicillin (102), aminoglycosides (361), or
trimethoprim (362), respectively (15).

A survey of 280 geographically and epidemiologically diverse staphylococci (n =
251 S. aureus strains) revealed that three plasmid lineages, represented by plB485,
pMW?2, and pUSA300-HOU-MR (Fig. 6), encompassed more than half of all the multi-
resistance plasmids detected (338). plB485- and pMW?2-like plasmids were widely
distributed geographically, whereas pUSA300-HOU-MR-like plasmids were found only
in isolates from the United States. All three lineages usually carry Tn552-derived
B-lactamase genes and genes for cadmium resistance; pUSA300-HOU-MR-like plasmids
often also carry genes for resistance to macrolides, aminoglycosides, and bacitracin,
while enterotoxin genes are a common feature of pIB485-like plasmids.

Most staphylococcal multiresistance plasmids utilize an evolutionarily common
antisense RNA-controlled replication initiation system (363-365) encoding a replication
initiator protein that contains a conserved RepA_N domain (338, 366); rep genes
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encoding this domain are prevalent on plasmids in many low-G+C Gram-positive
genera (367). Other rep genes are sometimes evident in multiresistance plasmid
sequences and appear to have been incorporated via cointegration of small RC
plasmids, but these are usually inactivated by mutations/truncations of the coding
sequence or corresponding ori. Exceptions to this are plasmids that possess both a
repA_N-type gene and a distinct rep gene encoding an initiator with a Rep_3 domain.
A rep_3-type gene in staphylococci was first detected in the small dfrA-containing
Staphylococcus epidermidis trimethoprim resistance plasmid pSK639 (15, 368) but is
increasingly being found on S. aureus multiresistance plasmids. In at least some cases,
such as in pMW2, rep_3 appears to be responsible for replication, since only a remnant
of a repA_N gene is evident (15, 338).

Multiresistance plasmids often carry a multimer resolution system incorporating a
gene (usually annotated sin or bin3) that encodes a serine recombinase (103, 105, 338).
The majority of plasmids bear a gene adjacent to and transcribed divergently from the
repA_N gene, which is related to the pSK1 par locus (338). This is thought to represent
a partitioning system, since it increases plasmid segregational stability (369), but it is
unusual in that it encodes one rather than two Par proteins. However, more conven-
tional two-gene type | and type Il partitioning systems (153) are carried by a minority
of multiresistance plasmids. Postsegregational killing systems, in the form of Fst-like
type | toxin-antitoxin systems (370), have been found on some multiresistance plasmids
but are often not detected/annotated due to their small size (359, 371).

Conjugative multiresistance plasmids. Conjugative multiresistance plasmids are
the largest plasmids found in staphylococci (>30 kb) and are defined by their ability to
transfer from donor to recipient cells at low frequencies (372, 373). They can also
promote the conjugative transmission of some smaller plasmids by mobilization or, if
cointegration occurs, via conduction (351, 352, 372). Conjugative plasmids have also
been found integrated into the chromosome (374).

Until recently, only one family of conjugative multiresistance plasmids had been
characterized for staphylococci, as exemplified by plasmids such as pSK41 (375), pGOT,
and pLW1043 (376, 377). Plasmids of this type were initially associated with the
emergence of gentamicin resistance and were first isolated in North America in the
mid-1970s (378-380), but they have also been identified in Europe and Japan (381-383)
and, more recently, in community-acquired MRSA strains in the United States (384,
385).

Resistance to gentamicin and other aminoglycosides is mediated by derivatives of
Tn4001 (Table 2) (aacA-aphD) that are truncated by copies of 1S257 (386). This IS is
usually present in multiple copies (up to nine) in pSK41-like plasmids, flanking diverse
resistance genes in different members of this plasmid family (akin to 1S26-associated
gene arrays in Gram-negative species). These confer resistance to antiseptics and
disinfectants (gacC) (349), mupirocin (mupA/ileS2) (29, 387), MLS antibiotics [erm(C)]
(384), trimethoprim (dfrA) (381), tetracycline [tet(K)] (338), and linezolid (cfr) (388). In
several cases, the resistance segments correspond to small plasmids, such as the RC
plasmid pUB110 (encoding aminoglycoside [aadD] and bleomycin [ble] resistance)
(389), that have been incorporated through 1S257-mediated cointegrative capture
(104). Some pSK41-like plasmids, such as pLW1043 (Fig. 6), also carry unit transposons,
including Tn552-like B-lactamase transposons (Fig. 4) and, notably, the vanA glycopep-
tide resistance transposon Tn1546 (Table 5 and Fig. 3) (390), which is thought to have
transposed from a transiently coresident enterococcal Inc18 plasmid (see below) (390,
391). Indeed, there is some evidence that intergeneric transfer of Inc18 vanA plasmids
from enterococcal donor cells is enhanced by the presence of a pSK41-like plasmid in
S. aureus recipient cells, but the mechanistic basis for this has not been elucidated (392).
Although Inc18 vanA plasmids have occasionally been detected in S. aureus isolates,
their rarity suggests a limitation to the establishment of these plasmids, which may be
due to low replication efficiency, restriction-modification barriers, and/or high meta-
bolic costs associated with vanA carriage in S. aureus (391).

Like most staphylococcal multiresistance plasmids (described above), pSK41-like
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plasmids utilize an antisense RNA-controlled repA_N replication initiation system (365,
393). They ubiquitously carry a multimer resolution (res) system (394) and a type I
partitioning (par) locus (395), but an Fst-like toxin-antitoxin system is evident only on
some members of the family (371). The transfer (tra) genes of these plasmids show
similarity and synteny with those of the streptococcal/enterococcal Inc18 plasmid
pIP501 and the lactococcal plasmid pMRCO1, and several of their deduced products
show distant homology to T4SS components encoded by conjugation systems of
plasmids from Gram-negative bacteria (104, 396, 397).

An additional two types of staphylococcal conjugative plasmids, distinct from the
pSK41 family, have been recognized only in the last few years and are represented by
the prototype plasmids pWBG749 (163) and pWBG4 (398) (Fig. 6). pWBG749 was
identified in an S. aureus isolate from Australia and harbors no antimicrobial resistance
determinants, but related plasmids from around the world have been found to encode
resistance to penicillin (blaZ), aminoglycosides (aacA-aphD on a Tn4001-like element),
and vancomycin (vanA on a truncated Tn1546-like element) (163, 399). pWBG4 carries
a Tn554-like element (Table 5) encoding resistance to MLS antibiotics [erm(A)] and
spectinomycin (spc), and related plasmids have been found to confer resistance to
aminoglycosides, trimethoprim (dfrD), or linezolid (cfr and fexA) (398, 400). pWBG749-
like plasmids encode a RepA_N-type initiation protein, whereas pWBG4 encodes a
protein with a PriCT_1 domain (like enterococcal Inc18 plasmids [see below]).

Bioinformatic analysis has indicated that only about 20% of S. aureus plasmids
possess some form of mob relaxase gene to make them potentially mobilizable by a
coresident conjugative plasmid (398). However, pWBG749 family plasmids (e.g.,
pBRZ01) (Fig. 6) were recently shown to mobilize both small RC and larger multiresis-
tance plasmids that lack mob genes via a previously unidentified relaxase-in-trans
mobilization mechanism (162, 163, 398). Short oriT “mimic” sequences on these plas-
mids, which closely resemble the oriT sequences of pWBG749 family plasmids, are
sufficient to serve as substrates for the conjugative relaxase and conjugation machinery
(162, 163). Equivalent mimics corresponding to the oriT sequence of pSK41-like conju-
gative plasmids have likewise been found on numerous plasmids that lack mob genes,
although mobilization of such plasmids has not been demonstrated (164). About half
(56%) of nonconjugative S. aureus plasmids were found to possess at least one
pWBG749- or pSK41-like oriT mimic (many have both), including 89% of multiresistance
plasmids, which rarely possess a mob gene (398). Moreover, conjugative mobilization of
some RC plasmids, mediated by ICE, based on the relaxase activity of their Rep initiation
protein nicking at their replicative ori, has also been described (401, 402). Together
these observations have led to the suggestion that nearly all S. aureus plasmids might
be mobilizable in the presence of a suitable coresident conjugation system (166).

Resistance Plasmids in Enterococci

Antibiotic resistance in enterococci is largely encoded (and transferred) by theta-
replicating plasmids. Based on conserved domains in their replication initiators, these
plasmids can be divided into the Rep_3, Inc18, and RepA_N families (171), but note that
plasmids sometimes encode multiple replication initiators and that such mosaicism can
confound classification. Characterized RC plasmids of enterococci encode Rep proteins
containing the Rep_trans, Rep_1, or Rep_2 conserved domain and generally do not
encode resistance, with an exception being the promiscuous plasmid pMV158, which
confers tetracycline resistance via the tet(L) determinant (403). Similarly, the theta-
replicating Rep_3 family plasmids (generally less than 10 kb) rarely encode resistance,
with an exception being pAMa1, which also has tet(L) (404).

Inc18 plasmids. Initially based on the incompatibility of plasmids such as pAMpB1
and plIP501, the so-called Inc18 family now includes plasmids with distantly related
replication initiators that may in fact be compatible with original members of the family
(16). These conjugative plasmids generally range in size from 25 to 50 kb and can be
found in a wide variety of bacterial genera. Their replication initiation proteins contain
a PriCT_1 domain and bind to an origin region located downstream of the rep gene,
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FIG 7 Enterococcal multiresistance plasmids. Representatives of the Inc18 and RepA_N families are shown (15, 104, 359, 384, 390, 516; see the
text for additional references). IS, transposons, and resistance genes are shown, with resistances conferred by the latter listed in Table 2 or as
follows: cat (chloramphenicol resistance) and fexB (chloramphenicol/florfenicol resistance). The following plasmid maintenance genes/systems are
also shown: cop, copy number control; parAB, type | partitioning system; rep, repA, and repB, initiation of replication; res, multimer resolution;

txe-axe, toxin-antitoxin system. Note that pS177 is a pRUM-like plasmid.

whose expression is tightly controlled by an antisense RNA and a transcriptional
repressor, Cop (405). Furthermore, in addition to their T4SS-like conjugation machinery,
encoded by the trs genes, they also encode a multimer resolution protein (Res) and a
type | partitioning system (parAB) (406).

In enterococci, Inc18 plasmids typically confer resistance to MLS antibiotics [erm(B)]
but can also encode resistance to multiple antibiotics, as in the case of pRE25 (406) (Fig.
7). They have also contributed to the spread of vancomycin resistance (vanA) and, in
this regard, have been responsible (in most cases) for the delivery of Tn1546-like
transposons to MRSA via conjugative transfer of pRE25-like plasmids, such as pWZ909
(407) (see above and Fig. 7). Furthermore, the Inc18-like mosaic plasmid pEF-01 (Fig. 7)
was the first plasmid identified in Enterococcus faecalis to carry the cfr gene, which
confers resistance to multiple antimicrobial classes, including phenicols, lincosamides,
and oxazolidinones (408). Note that pMG1-like plasmids are related to those of the
Inc18 family, as the replication initiation protein of pMG1 shares 32% amino acid
sequence identity with the pRE25 initiator and contains a PriCT_1 domain (409). These
conjugative plasmids can transfer into a variety of Gram-positive bacterial species and
have contributed significantly to the spread of resistance to gentamicin (aacA-aphD)
and vancomycin (vanA) among enterococci.

RepA_N plasmids. In general, RepA_N plasmids encode a replication initiation
protein (RepA) that belongs to the RepA_N family, and they are broadly divided into the
pheromone-responsive plasmids, the pRUM-like plasmids, and the so-called megaplas-
mids. However, unlike the case for their staphylococcal counterparts, little is known
about how replication of these clinically important plasmids is regulated.

Pheromone-responsive conjugative plasmids, such as pAD1, are narrow-host-range
enterococcal plasmids that have been studied extensively, particularly with respect to
their pheromone-induced conjugation mechanism. In brief, potential recipient cells
produce sex pheromones (encoded by the chromosome) that ultimately induce plas-
mid transfer via formation of a mating channel with donor cells. The conjugation
machinery is encoded by plasmid tra genes, which display homology to those for T4SSs
(397). In addition, these plasmids also encode a type | partitioning system (repBC) and
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the well-characterized RNA-regulated Fst toxin-antitoxin system (410). In the context of
antimicrobial resistance, pheromone-responsive plasmids have largely been associated
with dissemination of the vanA determinant (i.e., glycopeptide resistance) but can also
variably confer resistance to multiple antibiotics, including streptomycin (aadE), kana-
mycin/neomycin (aphA-3), and MLS antibiotics [erm(B)], as in the case of pSL1 (411).

The pRUM-like plasmids are prevalent in E. faecium strains belonging to hospital-
adapted clades (clonal complex 17 [CC17] related) and can confer resistance to chlor-
amphenicol (cat), kanamycin/neomycin (aphA-3), MLS antibiotics [erm(B)], streptomycin
(aadE), streptothricin (sat4), and/or vancomycin (vanA) (412). With respect to the latter,
it is important that these plasmids have also been responsible for delivery of the
Tn1546-like transposon to MRSA, as in the case of pS177 (413) (Fig. 7). In this regard,
transfer was likely mediated via integration into a coresident conjugative plasmid (414),
as pRUM-like plasmids generally do not carry conjugation or mobilization genes,
although the prototype plasmid pRUM has a mob gene on a cointegrated plasmid
(415). However, in addition to carrying repA, they do encode a type | partitioning system
(parAB), a multimer resolution system (sin), and a proteic toxin-antitoxin system (axe-
txe) (415). Interestingly, detailed sequence analysis of the pRUM-like plasmid pJEG40
(416) revealed that the repA gene may in fact be regulated via an antisense RNA-
inhibited pseudoknot activation mechanism (S. M. Kwong, N. Firth, and S. O. Jensen,
unpublished data).

The so-called megaplasmids range in size from 150 to 375 kb and are associated
with the spread of both virulence and antibiotic resistance determinants among E.
faecium clinical isolates (16). Sequencing of the prototypical plasmid pGL1 revealed that
it encodes resistance to heavy metals, MLS antibiotics [erm(B)], and glycopeptides
(vanA). These plasmids also encode a proteic toxin-antitoxin system, a type | partition-
ing system, and conjugation machinery related to T4SSs (417).

GENOMIC ISLANDS

A genomic island (Gl) is a distinct region of a bacterial chromosome that has been
acquired via horizontal transfer; in many cases, Gls are flanked by DR. Gls vary in size
(they may be composed of several hundred genes) and can be classified based on the
phenotype(s) that they encode. For example, Gls that contain multiple resistance
determinants are referred to as resistance islands, whereas those that contain virulence
factors are often called pathogenicity islands. A broad definition of Gls (418) encom-
passes elements with mobility functions, such as ICE, integrative mobilizable elements
(IME), which require helper functions to conjugate, and elements that are excised from
the chromosome and may be transferred horizontally via phage-mediated mechanisms
(419), such as staphylococcal cassette chromosome elements (SCCmec) and S. aureus
pathogenicity islands (SaPl).

Integrative Conjugative Elements

ICE (420) constitute a diverse group of mobile elements found in both Gram-
negative and Gram-positive bacteria and have been reviewed recently (418). Like
plasmids, ICE are self-transmissible by conjugation, but they integrate into the host
chromosome and are replicated as part of it, although replication of excised ICE has
now been demonstrated (421). ICE typically consist of a backbone (containing phage-
like integration/excision functions, plasmid-like conjugation/maintenance components,
and a regulation module) into which accessory genes are inserted. Excision of the ICE
as a circular form and integration of this circle (at low frequency), usually into a unique
attB site in the host chromosome, are catalyzed by the ICE-encoded site-specific
integrase (Int). For some ICE, these processes, as well as in some cases conjugation,
have been shown to be subject to complex regulation by ICE-encoded functions (418).
Target sites are often at the 3’ ends of tRNA genes, and integration creates DR at the
ends of the ICE, called attL and attR (418). The ICEberg website (http://db-mml.sjtu.edu
.cn/ICEberg) collated information about ICE in an integrated database (422) but appears
to be out of date (418).
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ICE in Gram-negative bacteria. Plasmid R391, originally called IncJ, is now classified
as one of the archetypes of the SXT/R391 family of ICE. These elements integrate into
an attB site in the 5" end of the chromosomal prfC gene by site-specific recombination
with their attP site, catalyzed by the IntSXT tyrosine recombinase. They have an
IncA/C-related conjugation region, encoding a MOB,,, family relaxase, and the regula-
tion region includes a mobl gene and allows activation by the SOS response (418). The
excised form of these elements is able to replicate, and they carry a partitioning system
(421, 423). Different insertions are found at certain positions in a shared 47-kb back-
bone, and hybrid elements have also been found (424). SXT/R391 family elements are
also able to mobilize adjacent sequences, including some genomic islands that have an
oriT (418). SXT carries resistance genes and can be found in E. coli but is mainly
associated with Vibrio spp.

GI/ICE appear to be particularly important in relation to resistance in P. aeruginosa,
including high-risk clones (425), often carrying cassette-borne genes in class 1 In/Tn,
sometimes inserted within Tn27 subfamily transposons. pKLC102/PAPI-1 and PAGI-2/
PAGI-3 (P. ageruginosa pathogenicity/genomic island)-type ICE are integrated into
tRNAL* and tRNASY genes, respectively (426, 427). pKLC102 was so named because it
can exist as a free multicopy plasmid as well as a Gl in some P. geruginosa strains (325),
and part of it seems to correspond to a smaller plasmid carrying a class 1 integron (see
above). Three related PAGI-2-like islands carry a carbapenemase cassette in class 1 In/Tn
in a transposon: GI2 (different from PAGI-2 itself; blaggs s) (428), PAGI-15, and PAGI-16
(blaggs 24, blayp.e, Or minor variant blae..o) (429). The PAGI-2-like island PAGI-13
carries a class 1 integron and rmtD between ISCR3 family elements (430). ICEEc2, from
this family but found in E. coli, carries a class 2 integron in Tn7 (431). It is not clear
whether a Gl designated GI1 (different from PAGI-1), inserted into the endA gene, would
also be classified as an ICE. Variants with different class 1 In/Tn structures associated
with Tn7403, or remnants of it, carry bla,,., and other cassettes (425, 428, 432-434).

Tn4371 family ICE, which have IncP-like conjugation functions and target plasmids
as well as the chromosome (435), have also been found in P. geruginosa. Some carry
resistance genes, including ICE+, ,;,,6061, carrying the blagpy,., metallo-B-lactamase
gene (436), which is found in some isolates that also carry PAGI-13 (430).

ICE in staphylococci and enterococci. Tn976 (originally termed a conjugative
transposon [CTn]) (11) exemplifies a group of related ICE that are found in a diverse
range of bacteria. In most cases, the closely related Tn976-like elements encode
resistance to tetracycline/minocycline [via tet(M)]; however, due to insertion of addi-
tional DNA elements into the basic backbone structure, they can also encode resistance
to other antibiotics, such as MLS [erm(B)] and kanamycin/neomycin (aphA-3) in the case
of Tn1545 (437).

Other Tn9716-like elements include Tn6000, Tn5397, Tn5801, and Tn1549 (438-441).
These elements have the same modular structure (same as that of Tn976) and confer
resistance to tetracycline [via tet(M) or tet(S)] or, in the case of Tn1549, vancomycin
(vanB2). Tn1549-like elements have made a significant contribution to the global spread
of vancomycin resistance among enterococci (442). Interestingly, Tn6000, Tn5397, and
Tn5807 have different integration/excision genes, likely due to recombination between
different MGE, and additional regions of DNA. For example, Tn6000 also contains a
restriction-modification system, a virulence locus, a group Il intron, and a tyrosine
integrase gene that is more closely related to those of staphylococcal pathogenicity
islands (438).

ICE6013 represents a family of ICE in staphylococci that are not related to Tn976.
ICE6013 was initially identified in human S. aureus ST239 isolates, in which it sometimes
carries a Tn552 insertion (443); however, multiple subfamilies have now been identified
in different staphylococcal species (444). While ICE6073 displays some sequence simi-
larity to ICEBsT of Bacillus subtilis (443), its encoded functions are largely uncharacter-
ized. Interestingly, ORFs encoding an IS30-like DDE transposase were recently shown to
be required for excision of ICE6013 prior to conjugative transfer (444). In this regard, the
mechanism of recombination is clearly different from that mediated by the tyrosine
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integrases of Tn976-like elements, which target specific AT-rich sequences (445). It is
therefore somewhat ironic/confusing that the term ICE has largely superseded the
name conjugative transposon when elements such as Tn976 utilize an integrase and
ICE6073 encodes a transposase-like enzyme.

Other Resistance Islands in Gram-Negative Bacteria

AbaR and AGR1 resistance islands were described in the Tn7-like transposon section
above, and another, Glsul2, has also already been mentioned. Glsul2 (Fig. 4E) carries int
(tyrosine site-specific recombinase) and resG (resolvase) genes and genes encoding
potential replication, conjugation, and TA proteins, plus putative arsenate/arsenite
resistance protein genes and ISCR2-sul2 (61, 188, 446). The conjugation genes are
related to trb genes of IncPa plasmids, suggesting an interaction with these plasmids
(188). Glsul2 was reported to be present in the chromosomes of S. flexneri and E. cloacae
isolates (61) and as the progenitor of the ARI-B resistance region on C plasmids (188).
Searches now identify a complete Glsul2 in E. coli and other Enterobacteriaceae. Glsul2
seems to be stably integrated, within the guaA (GMP synthetase) gene.

A. baumannii may also carry AGI1 (Acinetobacter genomic island 1), an IME with a
backbone related to that of SGI, found in Salmonella, P. mirabilis, and recently Morgan-
ella morganii (447), and PGI-1 (P. mirabilis). Like these other IME, AGI1 is inserted at the
3’ end of the chromosomal trmE gene. It includes a resolvase (resG) gene and an
adjacent large class 1 integron structure with three cassette arrays and two copies of
the 3’-CS (448). Integrative mobile elements designated IMEX, which use chromo-
somally encoded XerC/D recombinases to integrate at chromosomal XerC/D binding
sites (449), are beginning to be identified as vehicles for blayyc.a/bla,, carbapenemase
genes in Enterobacter spp. (450-452).

Regions found in the chromosome of A. baumannii GC2 isolates, designated AbGRI2
(453) and AbGRI3 (454), are bounded by 1S26 and can be thought of as equivalent to the
resistance regions found in plasmids, presumably inserted and modified in the same way,
or possibly transferred en bloc from a plasmid. Examples of similar chromosomal regions in
other species include regions apparently derived from Tn2670 of R100 (21).

Staphylococcal Cassette Chromosome

SCCmec is a type of resistance island carried on the chromosome of MRSA isolates
that confers resistance to methicillin, penicillin, and other B-lactam antibiotics. This
element contains the mecA gene or the more recently identified mecC gene, both of
which encode related low-affinity penicillin-binding proteins called PBP2a, and the
divergently transcribed regulatory genes, mecR1 (for the signal transducer protein
MecR1) and mec! (for the repressor protein Mecl) (455-457). In the presence of a
B-lactam antibiotic, MecR1 cleaves Mecl bound to the operator region of the mecA/
mecC promoter, resulting in derepression of transcription (458). This consequently
enables cell wall synthesis to proceed via PBP2a production; most B-lactam antibiotics
cannot bind PBP2a, with an exception being the fifth-generation cephalosporin cef-
taroline fosamil (459). In some cases, both mecR7 and mecl/ are truncated by 1S257 or
IS7272, which results in constitutive expression of the mecA gene (460); however, the
B-lactamase regulators Blal and BlaR1 (if present) have also been shown to regulate
mecA expression (101). Collectively, the mecA/C gene, the regulatory mec genes, and
the associated IS are referred to as the mec gene complex. Several classes of the mec
gene complex have been defined (A, B, C1, C2, D, and E) on the basis of the regulatory
genes (i.e., truncated or not), the type and location/orientation of associated IS, and the
hypervariable region located between the mecA gene and the downstream 1S257
element (http://www.sccmec.org/).

In addition to mec genes, SCCmec elements also contain the ccr (cassette chromo-
some recombinase) gene complex, which is composed of the ccr gene(s) and surround-
ing open reading frames that, until recently, have not been assigned functions (dis-
cussed below). Three distinct ccr genes (ccrA, ccrB, and ccrC) share less than 50%
nucleotide sequence identity with each other; different allotypes for ccrA, ccrB, and ccrC
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also exist. Each individual ccr gene encodes a recombinase that mediates the integra-
tion and excision of SCCmec elements at a specific site located at the 3’ end of the rImH
gene (previously referred to as orfX) (456, 461). Several types of ccr gene complex have
also been defined, and these are comprised of either a combination of ccrA and ccrB
allotypes (one of each; types 1 to 4 and 6 to 8) or single ccrC allotypes only (types 5 and
9) (http://www.sccmec.org) (462). Recently, a conserved gene (cch or cch2), located
directly upstream of the ccr gene(s), was shown to encode an active DNA helicase (463);
cch2 is also preceded by a putative primase gene (polA). The presence of such genes
implies that SCC elements have the ability to replicate postexcision and that multiple
circular copies would likely facilitate the horizontal transfer process. Furthermore, a
gene downstream of the ccr gene(s) encodes a uracil-DNA glycosylase inhibitor (SAUGI),
indicating that phages may facilitate SCCmec transfer, similar to the mechanism utilized
by staphylococcal pathogenicity islands (398, 463) (see below).

At present, 12 SCCmec allotypes have been recognized based on structural diversity
(Fig. 8) (464). In this regard, SCCmec types are defined by the mec and ccr gene
complexes, while subtypes are based on the structure of the three joining (J) regions,
located between ccr and the chromosomal region flanking SSCmec (J1), between mec
and ccr (J2), and between rImH and mec (J3). It is important to note that the J regions
appear to act as a chromosomal reservoir for the accretion of antimicrobial resistance
determinants, which are often associated with transposable elements (465). These include
Tn554-like elements encoding resistance to cadmium (cad) or MLS antibiotics [erm(A)] and
spectinomycin (spc), as well as segments flanked by 1S257 that confer resistance to mercury
(merAB), aminoglycosides (aadD) and bleomycin (ble), or tetracycline [tet(K)]; the last two
segments represent integrated copies of the RC-replicating plasmids pUB110 and pT181,
respectively (Fig. 8) (455). Recently, based on the structural diversity described above, a new
online tool (SCCmecFinder; https://cge.cbs.dtu.dk/services/SCCmecFinder) was developed
for rapid, sequence-based SCCmec typing of MRSA (466).

Prior to 1990, hospital-associated MRSA isolates predominantly contained SCCmec
allotypes | to Ill; however, SCCmeclV is increasingly being identified in contemporary
isolates (467). Interestingly, community-associated MRSA (CA-MRSA) isolates almost
exclusively contain SCCmeclV (and SCCmecV, to a lesser extent), and this has now
emerged as the most widely distributed SCCmec element (468, 469). Fitness experi-
ments have shown that S. aureus strains containing SCCmeclV are indistinguishable
from their isogenic methicillin-sensitive parents (470, 471). This may indicate that the
prevalence of SCCmeclV is related (at least in part) to the apparently lesser burden it
imposes on its hosts than those by other SCCmec elements, which is suggested to be
due to differences in gene expression rather than DNA size (470). However, how
efficiently it is transferred between strains may also be a key contributing factor.

It should be noted that SCCmec elements are not exclusive to S. aureus and, in fact,
are more frequently carried by coagulase-negative staphylococci (CNS); the prevalence
of methicillin resistance has been reported to be higher in CNS than in S. aureus, with
global rates ranging from 75 to 90% for clinical isolates during the 1990s (472, 473).
Interestingly, it has been suggested that the animal-related CNS Staphylococcus fleuret-
tii and Staphylococcus vitulinus contributed to mec gene evolution (474, 475) and that
assembly of the SCCmec element may have occurred in Staphylococcus sciuri (475). In
any case, the CNS SCCmec elements display more diversity than those of S. aureus, and
it is believed that CNS act as a reservoir from which methicillin-sensitive S. aureus can
acquire SCCmec, contributing to the emergence of new MRSA clones, which appears to
occur more frequently than originally thought, at least with respect to SCCmec allo-
types IV and V (476, 477). However, not all SCC elements encode resistance to
methicillin. Non-mec elements have been found to variably contain genes that con-
tribute to the virulence or fitness/survival of the host strain. Two examples are SCCfus
(also known as SCC,) (Fig. 8) and SCCHg (also known as SCCmercury), which encode
resistance to fusidic acid and mercuric chloride, respectively (478, 479); these elements
have been renamed in accordance with the nomenclature system proposed by the
International Working Group on the Classification of Staphylococcal Cassette Chromo-
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FIG 8 Representative SCCmec elements (464, 478; see the text for additional references). IS, transposons, cointegrated plasmids, and resistance
genes are shown, with resistances conferred by the latter listed in Table 2 or as follows: arsBC, arsenic resistance; cadA, cadmium resistance; fusC
(previously known as far), fusidic acid resistance (517); and mecA/mecC, B-lactam resistance. Cassette recombinase genes (ccrAT to -4, ccrB1 to -4,
and ccrC1 and -2), mecA/C regulatory genes (mecl and mecR7), and an arginine catabolic mobile element (ACME) (441) are also shown; mec classes
and ccr types are denoted by colored shading. Note that cch genes, polA, and SAUGI are not shown.
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some Elements (464). An additional example is the arginine catabolic mobile element
(ACME), which has been identified in association with some SCCmec allotypes, mainly
type IV (Fig. 8). This element utilizes SCCmec-encoded cassette recombinases (and thus
integrates into the same site), carries the opp-3 and/or arc gene cluster, the latter of
which encodes a complete arginine deiminase pathway, and has been shown to
enhance fitness and skin colonization (471, 480, 481).

Staphylococcal Pathogenicity Islands

SaPls are genomic islands that integrate at specific sites, are flanked by DR, and
utilize the capsids of helper phages for their movement. They encode phage-like
proteins that facilitate this process, including a master repressor (Stl) that controls SaPI
excision via interaction with helper phage antirepressor proteins; these interactions are
SaPl and phage specific (482). In most cases, SaPls also encode one or more virulence
factors, such as superantigens, but they rarely carry resistance determinants. However,
some exceptions are SaPlj50, which encodes resistance to penicillin (bla) (483), and
SaRlIfusB, which encodes resistance to fusidic acid (fusB) (484). Note that while SaRIfusB
is related to classical SaPls, it does not encode any known virulence factors and is
therefore referred to as a resistance island (484).

USING WGS TO BETTER UNDERSTAND MOBILE ANTIBIOTIC RESISTANCE

The increasing availability of next-generation DNA sequencing methods, including
their use for tracking outbreaks of resistant organisms, has led to an explosion in the
number of bacterial whole-genome sequences. Analysis of these data has underscored
the significance of MGE, and the increasing use of this technology to characterize
bacterial pathogens presents opportunities for understanding the evolution of resis-
tance but also creates challenges. It is increasingly apparent that the boundaries
between types of elements historically viewed as distinct are becoming blurred (e.g., IS
with passenger genes resembling unit transposons, excised ICE replicating as plasmids
do, etc.), and this needs to be borne in mind when naming new elements. Using
existing resources to obtain names/numbers for novel IS (ISfinder [https://www-is
.biotoul.fr]) (10), transposons (Transposon Registry [http://transposon.lstmed.ac.uk])
(11), gene cassettes (INTEGRALL [http://integrall.bio.ua.pt] [123] and RAC [http://app
.spokade.com/rac/feature/list] [485]), and SCCmec elements (http://www.sccmec.org)
(464) and submitting elements to these sites help to reduce confusion.

While use of long-read sequencing methods is becoming more common, many
plasmid sequences in International Nucleotide Sequence Database Collaboration
(INSDC) databases (GenBank, EMBL-EBI, and DDBJ) were derived from short-read meth-
ods, as these were more widely available and are more economical. However, complex
resistance regions in plasmids or genomic islands present challenges for assembly from
short-read data, as multiple copies of the same mobile element in different locations
constitute repeats that are generally significantly longer than read lengths. Most
assembly programs will collapse reads covering these repeats down to a single contig,
while regions between repeats are usually found as separate contigs, potentially with
fragments of repeats on each end. Methods such as plasmidSPAdes (486) may help to
identify contigs derived from plasmids, and those such as PLACNET (487) may help to
group contigs from a particular plasmid, but it can still be difficult to correctly assign
resistance regions to particular plasmids (175, 488).

These difficulties mean that a significant number of plasmid sequences in INSDC
databases may be misassembled, as suggested by, e.g., the presence of fragments of
mobile elements that are not explained by truncation by another mobile element,
which is quite unusual (489). Use of methods such as Bandage to visualize links
between contigs (490) and correctly annotating the boundaries of MGE (using re-
sources such as BLAST searches in ISfinder, ISMapper [491], information in the transposon
registry, IntegronFinder [492], and MARA [http://mara.spokade.com] [489]) can help to
identify assembly problems. These methods may also assist in designing strategies for
PCR and Sanger sequencing across contig boundaries to ensure correct assembly.
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Certain types of plasmids also pose particular assembly problems. For example,
shufflons in 11 and 12 plasmids appear to be quite active, and different arrangements
within the plasmid population used for sequencing may result in multiple contigs that
cannot be assembled unambiguously (493) even using long-read data (234). One
solution is to check reads for missing shufflon segments and then to order the shufflon
segments as in a reference plasmid and note this in the INSDC entry (e.g. see the
comment under accession number AP005147, for 11 plasmid R64). Plasmid backbones
may also include multiple copies of other regions with sufficient identity to cause
assembly issues, e.g., a repeated region (~530 bp; 95% identity) in Incl2 plasmids
carrying mcr-1(237). Even with long-read methods, care must be taken to check for and
remove one copy of any artifactual long repeats present at the end of plasmid contigs
before circularizing, as minor differences between repeats due to errors may prevent
this from happening automatically.

Many MGE sequences and plasmid backbone segments are also very highly con-
served, so likely sequence errors, such as those in homopolymeric regions, may be quite
obvious and can be checked and corrected as appropriate. Careful checking of plasmid
sequences and assembly before submission to databases or publication, which is
feasible due to their small size relative to that of whole chromosomes, will help to allow
better identification of real differences between similar plasmids that are actually
functionally or epidemiologically important. It is also helpful to standardize the start
point and orientation of related plasmid sequences when submitting them to INSDC
databases, to simplify comparative analysis. Such start points are already fairly well
established for some plasmid types, e.g., in the replication region for A/C plasmids (499
bp upstream of the start codon of mob/) and at the start codon of tir in L/M plasmids.

Classification of plasmids also needs to move on from typing based on experimen-
tally defined incompatibility, which may not be reflected adequately in sequence
identity, and expanded to consider the whole backbone rather than just the replicon
and/or relaxase region. At present, different types of schemes exist for different plasmid
types, based on analyses by different groups of researchers, and some plasmid types
have been neglected. Developing a more universal system will require cooperation
between experts in pertinent fields, including plasmid biology and bioinformatics, as
well as consultation and broad acceptance from the relevant research community.
Recent suggestions to improve the annotation of plasmid backbone genes will hope-
fully stimulate discussion (286).

CONCLUSIONS

Horizontal gene transfer plays an important role in the acquisition of new properties,
such as pathogenicity and antibiotic resistance, underpinning the formidable adaptive
potential of bacteria. The previous sections of this review outline the diverse toolkit of
MGE that the species of interest exploit to access an extended gene pool in order to
overcome the evolutionary challenge that antimicrobial chemotherapy represents. We
hope that this review also illustrates how the various mobile element types interact
with each other, since it is largely the synergistic amalgamation of their differing
properties that underpins the adaptive capacity of these bacteria. Although there are
some notable differences between the elements important in Gram-negative and
Gram-positive bacteria, such as the significant roles of integrons/gene cassettes in the
former and of small RC plasmids in the latter, there are many more similarities.
Transposable and integrative elements mediate the insertion of resistance genes into
chromosomes and plasmids, with the latter serving as key vehicles of intercellular
transmission. Nonetheless, recent findings remind us that there is still a lot to learn
about MGE. For example, the realization that oriT-like sequences, which facilitate
relaxase-in-trans mobilization, are commonplace in staphylococcal plasmids and the
detection of analogous sequences in plasmids from other genera have implications for
the possible importance of plasmids that have previously been considered nontrans-
ferable, and hence for the way we look at the spread of resistance genes.

Although the individual elements differ between organisms, evolutionary relation-
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ships reveal commonality in the element types found and the roles that they play in
disparate bacterial hosts. The prevalence of Tn3- and Tn7-type transposons and the
ubiquity of IS6 family IS are obvious examples of this, and likewise, there are equivalent
collections of homologous functional modules for replication initiation, partitioning,
transfer, etc., within the backbones of theta-replicating plasmids. The extensive se-
quence divergence evident between members of the same MGE family and between
modules that share the same function reveals the evolutionarily ancient nature of these
molecules and their extensive coevolution with their respective hosts.

Improved analysis methods for the annotation and classification of MGE will also be

needed to obtain full value from the vast quantities of sequence data that are being
generated, but the increasing diversity of sequenced elements means that there are
rarely obvious approaches, and effective changes to nomenclature require broad
consultation to ensure that these changes are taken up. Likewise, continued research
into the basic biology of mobile elements will be needed for meaningful understanding
of the properties of known and yet-to-be-discovered elements. Finally, it needs to be
recognized that the current knowledge is based largely on analysis of clinical strains,
representing a very limited snapshot of relevant bacterial ecology. It is becoming
increasingly feasible to investigate intra- and interspecies linkages between organisms
within health care settings, and to other niches in the broader environment, which
should provide a more comprehensive understanding of the ecological pathways that
ultimately lead to resistance in bacterial pathogens.
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